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Anastomoses in the leptomeninges between branches of the anterior, 
middle and posterior cerebral arteries normally occur in man and other 
mammals. This potential collateral circulation to the cortex was described 
initially by Heubner (1872). Its functional significance has remained much 
in dispute, gaining acceptance only lately, largely from the work of 
Vander Eecken & Adams (1953) and Vander Eecken (1959). 

As to how far these anastomoses are able to fill the vascular bed of an 
occluded artery soon after its occlusion is not clear. The experiments 
described in this paper were designed to elucidate this problem in the dog. 
The passage of blood through an area of the dog hemisphere was observed 
by injecting **P-labelled erythrocytes into the carotid circulation, and 
monitoring their transit through the cortex by a probe counter before and 
after occtusion of middle and anterior cerebral arteries. 


METHODS 


‘Twenty dogs unselected as to age or sex were used. Their weights ranged from 16 to 34 kg, 
and the majority were greyhounds. This breed has a skull of constant configuration with a 
low zygoma and small mandibular coronoid process, which renders them particularly 
suitable for skull dissection. 

The dogs were anaesthetized by. intravenous pentobarbitone sodium in an initial dose of 
25-33 mg/kg body weight, supplemented as necessary. The blood —— was recorded 
continuously from the cannulated femoral artery. 

Red cell labelling. call Wess bi, Robinson 
& Hunter (1958), to give a final activity when suspended in saline of 40 ye/ml. 0-2 ml. of 
this solution was diluted to 0-5 ml. with normal saline immediately before use. 

Preparation of the neck. The trachea was cannulated, and, after the area of the right carotid 
sinus was exposed, the carotid sinus nerve, the occipital, internal carotid and ascending 
pharyngeal vessels were divided. Division of the occipital artery ensures that material 
injected into the external carotid will not pass into the basilar arterial system via the 
occipitovertebral anastomoses. As differentiation between internal carotid and occipital 
vessels is sometimes difficult (Verney, 1947), both were divided. Under normal circumstances 
much of the blood to the dog hemisphere is carried by the arteria anastomotica and other 
communications between the internal and external carotid vessels at the base of the skull 
(Batson, 1944), 

1 PHYSIO. CLIV 


A 
l 
4 
: 
2 
OF 
4 
me. 
‘ 
q 
1 
nti- 
7 
ect 
4 


2 L. SYMON 


artery so that the tip of the cannula lay at that vessel’s junction with the external carotid, 
Injections of 0-5 ml. of the labelled erythrocyte suspension were made through this cannula 
from a tuberculin syringe, as rapidly as possible. 
flushed out and filled with a solution of heparin (500 u./ml.). 

Preparation of the head. An inverted U-shaped flap was made, based on the zygoma and 
extending upwards to the mid line, and from the orbital margin to the anterior margin of 
the pinna. The temporal muscle was elevated posteriorwards from the skull and partially 
divided along the zygoma, but not excised. Opening the mouth during this procedurg 
facilitates a low dissection of the muscle (Jewell & Verney, 1957). A wide craniectomy wag 
made from near the mid line to the base of the skull, the frontal air sinus being extensively 
opened anteriorly. The dura was opened by a U-shaped flap based anteriorly, with division 
of the branches of the meningeal arteries. Tracing of the flow of labelled erythrocytes 
through the cerebral cortex was accomplished by using a probe-pattern Geiger counter 
(20th Century Electronics Type N. 16) of 3 mm external diameter, introduced some 17 mmj 
obliquely to underlie the cortex of the suprasylvian gyrus, so that the depth of the centre of 
the counter tip was about 5 mm from the pial surface. The active area of the counter # 
1 cm long and begins 7 mm from the counter tip. The output of the probe passed to a small 
cathode follower, and thence to a rate-meter and Evershed pen recorder. A paper speed of 
12 in. (30 cm)/min was used throughout. | 

Dissection of basal vessels. Gentle retraction of the pyriform lobe with « trond spatial 
enabled the optic nerve, internal ophthalmic artery, and terminal internal carotid artery to 
be seen. At this stage the origins of middle and anterior cerebral arteries from the carotid 
were usually concealed by the arachnoid of the basal cistern. Coagulation and division of 
the internal ophthalmic artery enables the arachnoid to be breached over the olfactory tract 
and separated backwards by the tip of a fine sucker, displaying the junction of the posterior 
communicating and internal carotid arteries and the origin of middle and anterior cerebral’ 
arteries, with the proximal millimetre or so of their course. 

Interruption of the blood flow in the anterior and middle cerebral arteries was performed 
in two ways. In some experiments the anterior cerebral artery was coagulated about 1 mm 
from its origin, that is, proximal to the anterior communicating artery, over a length of 
1—2 mm, and divided. The middle cerebral artery was coagulated or clipped 1 mm from its 
origin, and excised as far as its proximal bifurcation in the sylvian fissure with diathermy 
coagulation of its central branches (Rosomoff, 1957). In other experiments a silver clip was” 
applied to each vessel 1 mm from its origin from the internal carotid and each clip touched 


‘vessels. 


Perfusion technique. In order to confirm the vascular details as seen at operation, and tal 
obtain information about any areas to which the vascular supply might have been markedly’ 
reduced, the head was perfused with a carmine gelatine mass. 

At the close of each experiment, complete intradural haemostasis was assured, and the 
dura was closed with a running suture of fine silk. A few loose stitches then held the tem-— 
poral muscle back in place. By this means intracranial pressure was re-created at least im 
part, and the danger of rupture of the exposed area of brain during perfusion was avoided. 
The dog was killed by clamping the ascending aorta, and the head perfused under constant 
pressure of 150 mm Hg from the aortic arch, the brachial arteries being tied in the axillae, 
The right atrium was then opened. The vessels were cleared by perfusion with 1200 ml. of 
3°8% citrate solution, and then filled with 1200 ml. carmine gelatine solution containing” 
2-5 % gelatine. The viscosity of this solution at 37° C was 75% of that of blood. During” 
perfusion the gelatine remained in a water-bath at 37° C and passed to the animal through @~ 
short length of lagged tubing. 5 

Following perfusion the head was severed, and the entire vault of the skull removed. The” 
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LEPTOMENINGEAL COLLATERAL CIRCULATION 3 
formalin solution. After 48 hr the brain was removed and transferred to 20% formalin for a 
further 24 hr. The basal vessels were then examined in detail, and sections made as necesse.ry 
with a brain knife. | 

RESULTS 
Characteristics of the recording system — 

When the labelled red cells were injected into the external carotid 
artery, a steep rise in radioactivity, as shown by a sharp deflexion of the 
pen, was recorded from the ipsilateral cortex. The latency of this activity 
was constant, about 1:25 sec (Text-fig. 1b). This is considerably shorter 
than the circulation time from mid common carotid (looped) to ipsilateral 
retina of 3-4 sec, obtained by Verney (1947) using a dye method. The 
difference is probably due to the shorter distance under observation in the 
present experiments, and to the fact that the counter records the presence 
of isotope in the larger pial vessels, whereas the dye used by Verney could 
not be viewed by the ophthalmoscope until it appeared as a blue flush in 
the capillaries of the retina. The deflexion was sustained for a duration 
which varied from animal to animal, between 9 and 13 sec. The charac- 
teristics of the recording system, however, are such that while a rise in 
activity produces a response with infinitesimal latency, the return of the 
pen from a position of deflexion is rather slow. This is due to the long 
integration time necessary in the amplification stage to give an adequate 
response from a rather insensitive counter at very low levels of activity. 
Therefore the total time of deflexion does not represent the actual transit 
time of activity in the cortex, although it reflects this time fairly accurately . 

With repeated injections the height and duration of the deflexion 
remain approximately constant in any one animal, provided the activity, 
speed and volume of injection are the same. An experiment to illustrate this. 
is shown in Text-fig. 1. At b and again 12 min later at d the same amount of 
labelled red cells was injected into the right external carotid artery. Apart 
from small differences in the shape of the deflexion, which represent the 
normal variation obtained with this method, the two deflexions were 
similar in height and duration, and the latency was the same for both. 
This similarity was obtained although during the 12 min interval labelled 
red cells were injected into the left external carotid artery whilst the right 
common carotid artery was compressed. The deflexion produced by this 
injection is shown at Text-fig. 1c. At the beginning of this experiment such 
an injection was made without compression of the ipsilateral common 
carotid artery, producing only a small effect, as is shown at Text-fig. 1a. 
Even this small effect was exceptional, for in other experiments such an 
injection did not produce any deflexion. 

With the speed and volume of injection unaltered an increase in the 
activity of the red-cell suspension resulted in greater deflexion, as is shown 
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in Text-fig. 2. The duration of the deflexions increased, despite the fag} 
that the volume and speed of injection remained the same. This does not 
represent an increase in the time of transit of red cells through the cortex; 
but reflects the fact that with increased activity, because of the properties 
of the amplifier, it requires a greater time for the pen to return to its initial 


b 


Text-fig. 1. Records of radioactivity obtained from the right suprasylvian cortex 


of a dog. At each arrow injection of 8 yc **P-labelled red cells was made, inbandd 


into the right external carotid artery, in a into the left external carotid artery, and 
in c into the left external carotid artery with the right common carotid artery com- 
pressed. Time marker (in a), 5 sec. 


level. As the height of the deflexion obtained with any given activity. 


varied from dog to dog, it was not possible to predict the height of deflexion” 


with any given activity. On the other hand, because of the cumulative 


‘background rise it is undesirable to give repeated injections and therefore 
it is not possible to standardize height and dose in a given animal. Thus. 


subsequent; records can be interpreted qualitatively only. 


Experiments were carried out to determine the range, and hence the 
structures, from which counts could be recorded with the counter used, 
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whose sensitivity, because of its small size and rather thick wall, is not 
high. The maximum range in tissue of 8 particles from **P is about 7-8 mm 
(Faires & Parks, 1958). Tests in vitro with brain slices, however, showed 
that at the order of activity of the erythrocyte suspension before dilution 
(40 »c/ml.) complete extinction of counts was achieved by interposing 
between the counter and the source a brain slice of 5:mm thickness. This 


Text-fig. 2. Records of radioactivity obtained from right suprasylvian cortex of a 
dog. At the arrow in a 6 yc, and in b 8 pe, of *P-labelled red cells were injected into 
the right external carotid artery. Time marker, 5 sec. 


restricts the area from which the counter will record to overlying or 
neighbouring cortex. 

From Pl. 1d, e and f, is will be aeen that the distance between theactive 
area of the counter and the nearest area of cortex supplied by the anterior 
cerebral artery, the deep pericallosal sulcus, is about 1 cm. There is thus 
no possibility that the passage of radioactivity through this cortex would 
be recorded. On the other hand, as shown in Pl. 1, the distance between 
counter and basal ganglia is very close to the critical value of 5mm. For 
all experiments in which the middle cerebral artery was occluded, however, 
this was of no significance, since the normal blood supply of these areas is 
from the lateral striate arteries, which arise from the middle cerebral 
artery distal to its point of occlusion. 


Occlusion of anterior and middle cerebral arteries 
Occlusion of the anterior cerebral artery by clip (three dogs) or by 
diathermy (two dogs) did not change the latency of the deflexion. This is 
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shown in Text-fig. 3, in an experiment in which occlusion was effected by 
clip. After occlusion, however, there was a perceptible lengthening of the 
deflexion, reflecting a prolongation of the time during which activity 
remained in the area of the counter, in other words, a slowing in the blood 
flow through the overlying cortex. Subsequent occlusion of the middle 
cerebral artery caused disappearance of the deflexion. The irregularities 
shown in Text-fig. 3c are not significantly above background. 


Text-fig. 3. Records of radioactivity obtained from the right suprasylvian cortex 
of a dog. At each arrow injection of 8 uc **P-labelled red cells was made into the 
right external carotid artery, in a with the cerebral circulation intact, in b with the 
right anterior cerebral artery occluded, and in ec with both the right anterior 
cerebral artery and the right middle cerebral artery occluded. Time marker, 5 sec. 


Occlusion of the middle cerebral artery without prior occlusion of the 
anterior cerebral artery (eight dogs) caused pronounced changes in the 
form of the deflexion. This was to be expected since the counter was 
positioned in a region conventionally regarded as within the middle 
cerebral field of supply. The records of a typical experiment are shown in 


_ Text-fig. 4. At a is shown the deflexion obtained with the circulation intact. 


After occlusion of the middle cerebral artery at b, the latency of the 
deflexion is increased, the arrival of activity is more gradual, and the 
transit of activity significantly prolonged. Height and form of the residual 
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deflexion varied from animal to animal, but latency and transit time were 
always prolonged. The wave form obtained after occlusion of the middle 
cerebral artery showed considerably greater variability than that after 
occlusion of the anterior cerebral artery. The variations were independent 
of the method of occlusion. At cis shown the effect obtained on subsequent 
occlusion of the anterior cerebral artery as well. The wave is abolished. _ 


Text-fig. 4. Records of radioactivity obtained from the right suprasylvian cortex 
of a dog. At each arrow injection of 8 ye **P-labelled red cells was made into the 
right internal carotid artery, in a with the cerebral circulation intact, in 6 with the 
middle cerebral, and in c with both anterior and middle cerebral arteries occluded. 
Time marker, 5 sec. 


In one dog (Text-fig. 5) occlusion of the middle cerebral artery alone was 
followed by disappearance of the deflexion obtained, after carotid injection, 
from the observed cortex. Subsequent dissection revealed that in this dog 
the right and left anterior cerebral arteries were filled from the left internal 
carotid, the right anterior cerebral between the anterior communicating 

artery and the right internal carotid artery being vestigial. 
_, The fact that in all other experiments the deflexion did not disappear 
Gvith occlusion of the middle cerebral artery alone suggests that the residual 
and varying activity recorded was conveyed by anastomoses in the 
leptomeninges between anterior and middle cerebral arteries. This sugges- 
tion is supported by the results of the experiment shown in Text-fig. 6. 
The deflexion with intact circulation is shown at a and after occlusion of 
the middle cerebral artery at b. Between b and ¢ a parasagittal incision 
about 1 em from the mid line and 6 cm long was made through the cortex 
over the whole length of the craniectomy. All the vessels of the pia and 
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cortex were divided and coagulated in the process, so that many anasto- 
motic vessels conveying blood from the anterior cerebral artery to the area 
of the counter were interrupted, although it was impossible to divide them 
all, especially those far anterior. The deflexion recorded when labelled 
cells were injected after this incision is shown in Text-fig. 6c. There is a 
further delay in arrival of activity and a further attenuation of the 
deflexion, which is long drawn out. Finally, when the anterior cerebral 
artery was occluded as well, injection of labelled cells no longer gave any 


deflexion (d). 


Text-fig. 5. Records of radioactivity obtained from the right suprasylvian cortex 
of a dog. At each arrow injection of 8 yc **P-labelled red cells was made into the 
external carotid artery, in a with the cerebral circulation intact and in b with the 
middle cerebral artery occluded. Time marker, 5 sec. 


Additional observations of functional anastomoses between the branches 
of the middle cerebral artery and neighbouring vessels were as follows. In 
the course of operative excision of the middle cerebral artery, free bleeding 
from the divided distal end was invariably apparent. Further, at the end 
of several experiments when the middle and anterior cerebral arteries of 
one side had been divided, section of any small artery in the pia over the 
convexity of the hemisphere produced a free flow of blood. This blood must 
have been conveyed into the pial network either by the anterior cerebra! 
artery of the other hemisphere, which joins the occluded anterior cerebra! 
artery by way of the anterior communicating artery beyond the point of 
occlusion, or by anastomoses in the leptomeninges from the apailsters! 
posterior cerebral artery. | 

Jewell & Verney (1957) gained the impression that other extracranial 
vascular occlusions may also influence the distribution of blood from the 
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basilar and carotid arteries within the skull. Observations made in the 
course Of one experiment confirmed this impression. During the prepara- 
tion of the neck, it was found that the right occipital artery was particu- 
larly large and of a calibre greater than the continuing external carotid 
artery. It was ligated along with the internal carotid and ascending 
pharyngeal vessels. On injection of labelled red cells into the right external 
carotid circulation, the customary deflexion was not obtained from the 
counter in the right hemisphere, but when the left common carotid was 
then temporarily occluded such an injection gave a deflexion of the normal 


Text-fig. 6. Records of radioactivity from the right suprasylvian cortex of a dog. 
At each arrow injection of 8 yc **P-labelled red cells was made into the right 
external carotid artery, in a with the cerebral circulation intact, in b with the right 
middle cerebral artery occluded, in c’after dividing many leptomeningeal anasto- 
moses between right middle and anterior cerebral arteries, in d with the right 
anterior cerebral artery occluded as well. Time marker, 5 sec. 


size and latency. Dissection of the head of this animal showed that both 
occipital arteries were unusually large. The vessels of the circle of Willis, 
the internal carotid arteries and the anastomotic rami appeared, to naked 
eye examination, of normal calibre, but both external carotid arteries were 
clearly reduced in size. It seems likely that in this animal the occipital 
arteries via the occipitovertebral anastomoses contributed considerably to 
the circle of Willis, and that after occlusion of the right occipital artery the 
flow to the observed area of the right hemisphere came largely from the 
left side, so that blood passed freely from the right external carotid artery 
to the cortex only when the left common carotid was temporarily occluded. 
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Perfusion of the brain 
The occlusion of both the middle and anterior cerebral arteries of one 
hemisphere by clip or diathermy generally reduced the intensity of per- 
fusion of the cortex of the parietal and pyriform lobes, and of the insula. 
This reduction varied from animal to animal. In only two animals was it 
extensive, usually it was slight, and sometimes no difference was detectable 
between operated and non-operated sides. 


There were pronounced differences in the extent to which the basal | 


ganglia on the side on which the two arteries were occluded were perfused. 
When the middle cerebral artery was occluded by clip near its origin, the 
deep nuclei were perfused well, little difference being detectable between 
the operated and non-operated side. On the other hand, after excision of 
the middle cerebral artery from its origin to its proximal bifurcation per- 
fusion of the basal ganglia on the operated side was invariably poor. Under 
these conditions the region of maximal reduction in perfusion, where no 
carmine was detectable, involved the body and greater part of the head of 
the caudate nucleus, the lentiform nucleus and the amygdaloid nucleus. 
The most rostral part of the head of the caudate nucleus, supplied from the 
anterior cerebral artery, was well perfused even when this vessel had been 
clipped at its origin. These findings are illustrated in representative coronal 
sections of two dog brains in Pl. 2. The brain of the dog shown at A 
was perfused after occluding the anterior cerebral artery by clip at its 
origin, the middle cerebral artery being clipped at its origin and excised from 
just distal to the clip to its proximal bifurcation with diathermy coagulation 
of its central branches. In section A 1 the upper lateral part of the head of 
the caudate nucleus is pale, while the remainder of the brain shows no 
difference from the unoperated side. Section A 2 is cut more caudally and 
the caudate nucleus of the operated side is not perfused. In section A 3, 
which is cut more caudally still, the body of the caudate nucleus, the 
amygdala and lentiform nucleus on the operated side are not perfused. 
The brain of the dog shown at B was perfused after occlusion by clip of 
both anterior and middle cerebral arteries at their origin. As shown in all 
these coronal sections the basal ganglia are equally well perfused on the 
two sides. Thus after excision of the middle cerebral artery the basal 
ganglia fail to be perfused owing to the complete obliteration of the 
vessel's striate and anterior choroidal branches, whereas, after clipping, 
these branches fill with perfusion material by reflux from the pial anasto- 
mosis along the main stem of the middle cerebral artery. . 

There were no differences between the two sides in the thalamus or in 
more caudal areas, irrespective of the method of occlusion of the vessels. 
In the hypothalamus, the findings were occasionally confused by operative 
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trauma, but, as a rule no appreciable differences could be detected between 
the two sides. Both dogs A and B (PI. 2) show the appreciable degree of 
cortical perfusion on the operated side. The recordings of cortical radio- 
activity had shown the typical findings in both experiments. 


DISCUSSION 


The results of the experiments described show that after acute occlusion 
of the middle cerebral artery in the dog, substantial blood flow continues in 
its field of supply, and that part of this flow comes from the anterior 
cerebral artery of the same side by anastomoses in the leptomeninges. 

The anatomical basis of this system of leptomeningeal anastomoses is 
well founded. Vander Eecken (1959) has convincingly shown that there 
exist in mammals end-to-end anastomoses between the branches of the 
anterior cerebral artery in the intercerebral fissure and the branches of the 
middle cerebral artery on the convexity of the hemisphere. The extent of 
these collateral anastomoses appears to regress part passu with the 
development of cortical convolutions, both phylogenetically and during 
human foetal and neonatal development, though Vander Eecken is careful 
to avoid any attribution of a causal relationship. : 

The arterial supply of the telencephalon of the dog falls into two distinct 
groups, the surface vessels and the deep branches penetrating the brain. 
For the surface vessels an effective collateral circulation is assured by the 
leptomeningeal anastomoses. In the radioactive experiments here de- 
scribed, despite division of a main cerebral artery, blood from the carotid 
circulation passed rapidly into the cortex normally supplied by the 
occluded vessel. Even when the carotid circulation of one side was 
entirely excluded from the supply of one hemisphere, free blood flow could 
be obtained from the pial vessels on the surface of this hemisphere in any 
area, and the cortex could be perfused well after the animal had been 
killed. These results are in accord with the finding of Petersen & Evans 
(1937) confirmed by Meyer (1958) that, in monkeys, clipping of the middle 
cerebral artery near its origin does not result in cessation of circulation in 
the tributaries, although, on microscopic observation, flow is seen to be 
appreciably slowed. | 

Conflicting opinions have been expressed about the neurological deficit 
_ produced by acute main vessel occlusion in dogs. Thompson & Smith (1951) 
found no persisting neurological deficit after occlusion of the middle 
cerebral artery provided a normal arterial blood pressure was maintained. 
Jewell & Verney (1957), in the course of their localization of osmo- 
receptors, had occasion, in three dogs, to tie, amongst other vessels, the 
middle cerebral artery. None of these dogs developed hemiplegia. On the 
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other hand, Rasmussen (1938) and Rosomoff (1956) invariably produced 
neurological deficit in dogs after acute middle cerebral occlusion. Analysis 
of Rosomoff’s (1956) results, however, reveals that while all the animals 
subjected to occlusion of the middle cerebral artery at normal temperature 
developed infarction in the basal ganglia, less than half showed any 
evidence of infarction in the cortex. | 


The brisk and substantial collateral flow demonstrated in the tracer | 


experiments here described probably represents a collateral circulation 
adequate to maintain the function of cortical cells after the main artery 
which normally supplies the area has been acutely occluded. | 
In the deep branches of the cerebral vessels which supply the basal 
ganglia, there is much less collateral anastomosis than in those on the pial 
surface. From the perfusion experiments recorded in this paper it can be 
seen that the lentiform nucleus and the amygdala were perfused only from 
the deep branches of the middle cerebral artery. The caudate nucleus 
showed some evidence of a dual blood supply, since after occlusion of the 
striate branches of the middle cerebral artery, the rostral part of the head 
of this nucleus was found to be perfused. There was no evidence of any 
other blood supply to the basal ganglia, however, apart from this small 
area. Its limited extent shows that collateral function between anterior 
and middle cerebral fields within the caudate nucleus is not comparable to 
that between the branches of the same two vessels on the pial surface. 
It has been shown in survival experiments that, in the dog, occlusion of 
the main arterial supply of the basal ganglia is always followed by infarc- 
tion, although not necessarily by clinical evidence of neurological damage. 
Thus Rosomoff (1956) demonstrated that hypothermia substantially 
reduced the neurological deficit produced by his method of occlusion of the 
middle cerebral artery in which the deep branches of the vessel are divided, 
but that it did not prevent infarction of the putamen, globus pallidus and 
amygdala. It is of interest to note that in Rosomoff’s experiments the 
caudate nucleus, shown on perfusion to have a dual blood supply, invari- 
ably developed infarction at normal temperatures but not under conditions 
of hypothermia. This suggests that the pre-capillary and capillary anasto- 
moses within the caudate nucleus, for which evidence has been provided by 
Pfeiffer (1928) and Cobb (1931), were capable of developing a collateral 
blood supply between the anterior and middle cerebral fields which could 


become adequate with the delay in metabolic demand following a period 
of lowered temperature. 


The experiments recorded in this paper were performed in dogs, in whic! 


the freely anastomosing nature of the arterial tree outside the skull has 
long been known. As is shown in the present experiments, this charac- 
teristic applies also to the cortical vessels, but preliminary observations in 
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monkeys indicate that the collateral potential in this species is much less, 
so that it is not justifiable to apply the results obtained in dogs to other 
species, particularly to monkeys and man. 


SUMMARY 


1. A method is described of observing the flow of *2P-labelled red cells 
through the cerebral cortex of the dog. 

2. By this method it has been shown that after acute occlusion of the 
middle cerebral artery in the dog there is persistent blood flow in the 
cortex of the middle cerebral field, and that part of this flow comes from the 
ipsilateral anterior cerebral artery by leptomeningeal anastomoses. 

3. By perfusion techniques the profuse collateral circulation of the dog 
cerebral cortex is confirmed, contrasting with the basal ganglia which are 
shown to have a poor collateral blood supply. | 

4. The significance of these findings in relation to the functional effects 
of acute occlusion of the middle cerebral artery in this species is discussed. 


This work was performed during the tenure of a Clinical Research Fellowship from the 
Medical Research Council. The author wishes to express his thanks to Sir Charles Harington 
for facilities provided in the National Institute for Medical Research, to Dr W. Feldberg for 
his interest and to Mr D. Mason, Electronics Division, National Institute for Medical 
Research, who designed and built the pre-amplifier and rate-meter. 
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EXPLANATION OF PLATES 


PLATE 1 


Coronal sections of dog brain after perfusion with carmine gelatine. Records from this 
experiment shown in Text-fig. 4. The area of insertion of the counter is visible in d, e and f. 
In c a clip is visible on the anterior cerebral artery, and in d on the middle cerebral artery. 
Some operative trauma in the hypothalamus and pyriform lobe seen in d and e. Scale in 
centimetres. 
PLATE 2 

Representative coronal sections of two dog brains after perfusion with carmine gelatine. 
In A 1-3 the middle cerebral artery was clipped at its origin and excised from the clip to its 
proximal bifurcation with diathermy coagulation of the branches. In B1-3 the artery was 
clipped at its origin. The artery was effectively occluded. In A3 and B3, the insertion of the 
counter can be seen. In A3, only the most lateral part of the blackened area was occupied 


by the counter, the medial part of this area is due to blood staining in the adjacent cortex. 
Scale in centimetres. 
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THE EFFECT OF INITIAL STRIP LENGTH ON THE NOR- 
ADRENALINE-INDUCED ISOMETRIC CONTRACTION 
| OF ARTERIAL STRIPS 
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The resistance to stretch of strips, rings and segments of arteries has 
been extensively studied since 1880 (Remington, Hamilton & Dow, 1945; 
Roach & Burton, 1957). Less is known, however, about the effect of 
changes in the degree of stretch of the arterial wall on its subsequent 
response to stimuli. Ducret (1931) has shown that the initial degree of 
stretch of mesenteric arterial rings from a variety of species determines 
the force of the adrenaline-induced isometric contraction of the ring. This 
_ study dealt only with changes in length in the region where the extensi- 
bility of the ring was small. The object of the present study was to 
examine the effect of initial strip length on the isometric contraction of 
arterial strips over a wider range of length, using noradrenaline instead of 
adrenaline as the vasoconstrictor. A detailed study of these length—tension 
relationships of arterial strips promised to be useful in establishing the 
position of arterial muscle contraction with respect to muscle contraction 
in general. The findings of some of these experiments have already been 
briefly described (Speden, 1958, 1959). 


METHODS 


' Segments of the jejuno-ileal branches of the superior mesenteric artery were obtained 
from freshly slaughtered sheep and stored in cold Krebs-Henseleit solution until used about 
an hour later. Excess fat and connective tissue were trimmed from an artery of internal 
diameter of approximately 1 mm (in the contracted state), and a 1-2 cm length of the artery 
was slipped on to a 24-gauge stainless-steel syringe needle covered with polythene tubing 
(Allen & Hanburys Limited, external diameter 1 mm). The steel tube (a) shown in Fig. lA 
and B was held by means of a chuck (b) inset into the long axis of a § in. (16 mm) iron bolt 
(c), with clockwise thread of 12 turns per inch (2/mm). This bolt was screwed horizontally 
into a brass mount (d) clamped in a vice (e). A circular cutting wheel, rotated by means of 
& variable-speed series motor, was lowered on to the polythene ( f) and a clockwise helical 
strip cut by screwing in the bolt. The cutting wheel was placed at approximately 45° to the 
need!e’s long axis so that the wheel followed the angle of cutting. By this means an arterial 
strip, 2mm wide, can be quickly and easily obtained from small arteries. For satisfactory 
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cutting the steel needle needs to be carefully centred into the bolt’s long axis and the play : 


between the bolt and its mount must be small. 

For the isometric recording a 5-10 mm length of the strip was mounted vertically by 
clamping the ends of the strip between two Perspex clamps. The upper clamp was directly 
attached, by means of a light-weight chrome-plated jeweller’s chain to a 1 cm brass rod 
extension of the external pin of an RCA 5734 mechano-electronic transducer valve. The valve 
output was fed into a DC amplifier and, after amplification, recorded simultaneously on a 
meter and a Southern Instruments pen recorder. For the stress relaxation experiments the 
time constant of the amplifying system was adjusted to less than 0-04 sec. The lower Perspex 
holder was fixed to the long limb of an inverted glass L piece, the short limb of which was 
attached to the vertical movement of a screw-threaded adjustable stand. The strip length 


A 


Artery Arterial strip <— 


Fig. 1. A, The apparatus used for preparing an arterial strip. B, the needle 
part of the apparatus in more detail. For description see text. 


was changed by raising or lowering the holder by means of this stand, in which play was 
negligible. For the slow continuous changes in length a motor-driven pulley system, 
attached to the stand, was used. Length changes were measured to an accuracy of + 0-2 mm. 
In the preliminary experiments nylon or cotton thread, tied to the ends of the strip, was 
used, This introduced large compliance errors and was replaced by the above attachments. 
The mounted preparation was transferred to a tant-temperature bath. The outer 
bath, filled with water, was maintained thermostatically at 37-5° C. The inner bath (25 ml. 
capacity), in which the preparation was immersed, contained a Krebs—Henseleit solution of 
the following composition (mm): NaCl 118, KCl 5-32, NaH,PO, 1-54, MgSO,.7H,O 1-19, 
NaHCO, 24-9, CaCl, 2-53, dextrose 5-6, ethylene diamine tetraacetic acid (disodium salt) 


0-01; pH 7-2-7-4. The distilled water used was first passed through a column containing a— 


mixed anionic-cationic exchange resin (Biodeminrolit, Permutit Co. Limited, London), 


NaCl, KCl, NaH,PO,, MgSO,.7H,O, and NaHCO, were then added and the solution was - 


saturated with a gas mixture of 95% O, and 5% CO, before addition of the remaining 
components. lon-exchange-treated distilled water and the chelating agent were used so 
that trace concentrations of copper and iron ions, which catalyse the oxidation of catechol 
amines, could be reduced. For the same reason all metal components of the cutting equip- 
ment with which the strip was likely to come in contact were coated with shellac. The 
Krebs-Henseleit solution flowed from a reservoir through a polythene heat-exchange coil 
lying in the outer bath, before entering the inner bath. A gas mixture of 95 of O, and 5 % CO, 
was continuously bubbled through the solution in the inner bath. 

The noradrenaline (L-noradrenaline bitartrate, monohydrate) was diluted to the Secniivod 
concentration with NaCl (0-9 g/100 ml.) containing ethylene diamine tetraacetic acid (di- 
sodium salt, 0-01 mm). The drug was injected directly into the inner bath in a volume not 
exceeding 1 % of the total bath volume. The noradrenaline was removed by washing away 
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the inner bath solution with sufficient fresh solution to dilute the noradrenaline to below its 
minimum effective concentration. Such washing did not lewer the bath solution temperature 
more than 1° C. When no noradrenaline stimulation ws used the inner bath solution was 
continuously changed at a rate of 2-5 ml./min. Noradrenaline concentrations are expressed 
as weight of the free base per millilitre. 


The shortest length attained following noradrenaline stimulation (1-10 ug/ml.) was used 
as a reference length (here termed the pre-shortened length). This was most conveniently 
estimated by stimulating with noradrenaline and, after allowing the strip to shorten freely, 
taking up the slack by progressively stretching the strip until a small tension (0-1-0-2 g) 
appeared. The drug was then washed out. 

For the histological investigation each strip was mounted, unstretched, on Bristol board 
and then placed in buffered formaldehyde fixative. After blocking and sectioning the 
sections were stained with either Van Gieson-celestin blue or with Gomori-haematoxylin 
orange G. 

RESULTS 


A number of preliminary experiments were carried out to determine the 
most suitable conditions for examining the effect of initial length on the 
noradrenaline contraction. As the contraction is superimposed on the 
resting state it was first necessary to study the properties of the resting 
muscle. The effect of rate of stretch on the tension developed, and the 
reproducibility of the length—resting-tension curves, were therefore 

Length changes in resting arterial strips 

The tension changes produced by stretching resting arterial strips 

depended on the rate of stretching. — 7 


4 

ory 


4+ 


- Fig. 2. Stress relaxation curve for the sheep mesenteric arterial strip. The strip was 
stretched from the pre-shortened length of 4:4-8-0 mm. Residual tension 10 min 
after end of stretch 0-20 g; strip weight 5 mg; vertical bar, 1g; time marker, 5 sec. 


Rapid changes in length. When a strip was rapidly stretched and held at 
the new length, the tension rose during stretch and then fell, at first 
rapidly then more slowly (Figs. 2, 3). This decay of tension following rapid — 
stretch (stress relaxation) is characteristic of viscous-elastic materials. 
The time course of the tension decay was examined in six strips by 
first pre-shortening the strip, then, 10 min after washing out the 
drug, rapidly stretching the strip by screwing down by hand the vertical 

| PHYSIO. CLIV 


| 
> 
| 
4 
4 
y 
| 
; 


18 N. SPEDEN 


movement of the adjustable stand. The rate of stretching was approximately 
2 mm/sec and was kept as constant as possible. For small stretches from 
the pre-shortened length the tension decay was complete, but after larger 
stretches, which gave curves suitable for analysis, the decay of tension was 
incomplete. As a means of comparing the results, the residual tension 
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Time after end of stretch (sec) 


Fig. 3. Percentage decay of the transient tension, following rapid stretch from 
the pre-shortened length, in the resting sheep mesenteric arterial strip; a, on a 
linear time scale; 6, on a logarithmic time scale. Each point is the mean (+8.D.) 
obtained from 12 decay curves, 2 from each of 6 preparations. The mean % 
increase in length following stretch was 78 + 22 % (s.p.). | 


remaining 10 min after stretch was subtracted from the total tension at — 


any one time and the difference expressed as the percentage of the total 
amount of tension decay in 10 min. The mean curve from twelve such 
stress—relaxation curves is shown in Fig. 3a. When the data in Fig. 3a 
were plotted on a logarithmic time scale the decay of the percentage of the 
total transient tension was found to be linear over several log. cycles of 
- time (Fig. 36). This linear relationship has also been observed in the 
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human umbilical and the dog carotid artery (Zatman, Stacy, Randall & 
Eberstein, 1954). 

Slow continuous changes in length. With slow continuous stretch or 
release no rapid transient tension changes occurred. At the various lengths 
during the stretch and the release the opposing tension was measured to 
give the corresponding length-tension curve (Fig. 4). The curves obtained 
from a series of repeated stretches and releases could not be superimposed, 
each curve being displaced to a greater length, relative to tension, com- 
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Fig. 4. Length—resting-tension curves of the sheep mesenteric arterial strip. 


Resting tension on first stretch (+), first release (x), second stretch (QO) and 
second release (@). Rate of length change 1-6 mm/10 min, strip weight 7-7 mg, 
pre-shortened length 8-1 mm. 


pared to the preceding curve. This shift to greater length was most 
marked between the first and all subsequent curves. If, however, the strip 
was stretched until a tension of 4-6 g'was maintained before determining 
the curves, the difference between repeated length-tension curves over the 
range of length studied was small. Similar differences between repeated 
length-resting-tension curves have been observed in the aortae of the 
cow, dog and man (Krafka, 1939; Remington et al. 1945). These authors 
attributed this to incomplete smooth-muscle relaxation. Additionally, 
irreversible stretch of non-contractile elements in the arterial wall may 
partially explain the present findings. The effect of these factors on the 
isometric contraction was minimized by stretching the strip before the 


start of the experiment. 
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Response to noradrenaline 


The tension developed on noradrenaline stimulation inietianid from a 
minimum detectable contraction with 0-01—0-04 ng/ml. up to a maximum 
with 1-10 pg of the drug/ml. After stimulation with noradrenaline 
1-5 pg/ml., the tension at first developed rapidly over a period of 20—40 sec 
then more slowly, reaching a maximum in 1-5—10 min (Fig. 5). This con- 
traction, which was usually. maintained, was reversed over a period of 
5-10 min following washing. With the lower drug concentrations the shape 
of the response could take a number of forms, being either maintained, 
like the responses to the higher noradrenaline concentrations, not main- 
tained, or inducing rhythmic contractile activity. Similar variations in the 
_ shape of the adrenaline responses of mesenteric arteries have been observed 
by many workers (see Burgi, 1944). It was found that a relatively con- 
sistent response, over a period greater than 2 hr, was obtained only with 
maximal or near-maximal noradrenaline stimulation. 


Active and resting isometric-tension—length curves 

The length—-isometric-tension curves on both stretch and release were 
examined fifteen times in twelve strips with maximal or near-maximal 
noradrenaline stimulation. Two methods were used. The better, with 
rapid length changes, made use of the previous observations that following 
rapid stretch of a resting arterial strip there was about an 80% decay of 
transient tension in 25 sec (Fig. 3) and that within 5 min the tension had 
reached a reasonably steady value. The strip was first stretched until a 
resting tension of 4-6g was maintained before determining the pre- 
shortened length; then, starting from the pre-shortened length, the strip 
length was increased stepwise, an interval of 7 or 9 min being allowed after 
each step before measuring the resting tension and stimulating with nor- 
adrenaline. The experiment was then repeated by progressively decreasing — 
the length. This procedure gave both the active and resting-tension—length 
curves (Fig. 6). 

The other method, in which the length was changed slowly and con- 
tinuously, was somewhat unsatisfactory, as the modification of the tension 
developed on stimulation due to the continuous change in length and 
resting tension led to appreciable errors when the resting tension was large 
and changing rapidly. 

The effect of initial length on the force of the isometric contraction 
induced by maximal noradrenaline stimulation is shown in Fig. 5 and 
presented graphically in Fig. 6 along with the resting-tension curves. 
These show that isometric contraction induced by noradrenaline increased 
with elongation from a barely detectable value at the pre-shortened length 
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up to a maximum, then decreased with further increases in length. The 
curves obtained either on stretch or release were similar, the maximum 
isometric contraction being developed at a length 2-5-3 times the pre- 
shortened length. At this length an appreciable resting tension was 
present (Fig. 6). These results were typical of nine of the experiments. The 


Increasing length 


Length (mm) 7-9 12-4 15-4 19-4 21:4 23-0 
Decreasing length 


Length (mm) 21-4  .194 17-4 184 124 94 


Fig. 5. The effect of initial length on the force of the isometric contraction of the 
sheep mesenteric arterial strip, with maximal noradrenaline stimulation (5 yg/ml.). 
———, exposure to noradrenaline, the numeral giving the time (min) during which 
the chart was stopped. @, chart stopped and drug washed out. The interval 
between contractions was 20 min with the length being changed 10 min before the 

2 next contraction. Pre-shortened length 7-9 mm, strip weight’ 3-9 mg. The figure 
a trace from the original record. 


remaining six differed only in that the upper limit of the recording equip- 
ment (10 g) was reached before a maximum was attained. 

Over a length range of 1-5—2-0 times the pre-shortened length the iso- 
metric contractions induced by smaller doses of noradrenaline (0-1-— 
0-4 »g/ml.) were also correspondingly influenced by the strip length. In 
all of seven preparations large increases in length within this range in- 
creased the isometric contraction. These experiments tended to be in- 
fluenced by changes in sensitivity of the strips, usually a loss of sensitivity, 
but the change in contraction was so great (and in the opposite direction 
to the change in sensitivity) that the result was clear-cut. 

The results would appear to be not greatly affected by inherent tone in 
the strip. No fluctuating level of spontaneous tone was observed, nor did 
NaNO, (100 yg/ml.), which relaxes arterial muscle (Burgi, 1945; Furchgott 
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& Bhadrakom, 1953) cause any marked relaxation. Thus, after a resting 
strip had been stretched until a tension of 4-6 g was maintained and then 
released to a tension of 0-5—1-6 g, the addition of NaNO, induced a fall of 
tension of 0-1 g or less (in five preparations). In two strips NaNO, was 
added after the completion of the length-resting- and active-tension 
experiment and had the same small effect. 


6— 
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Length (mm) 
Fig. 6. Length-resting- and active-tension curves of the sheep mesenteric arterial 
strip. The active tensions developed on noradrenaline stimulation 10 min after an 
increase in length (©), and 10 min after a decrease in length (@), were obtained 
from Fig. 5. Resting tensions on stretch ((1)) and on release (+) were measured 
1 min before stimulation. 


The observed increase in force of isometric contraction with increasing 
' length could in part be due to re-alignment of obliquely lying muscle 
fibres into the long axis of the strip (thus leading to a more favourable 
situation for exerting force). While it was not possible to obtain any 
quantitative estimate of this, the following histological evidence suggested 
that re-alignment of muscle fibres was not an important factor. Transverse 
and longitudinal sections were obtained from seven strips which had been 
mounted unstretched and were subjected only to the stretching unavoid- 
ably associated with the preparing of the strip. In all the longitudinal 
sections the majority of the nuclei had the typical elongated shape found 
in a muscle fibre which had been cut longitudinally, whereas in all the 
transverse sections the shape of the majority of the nuclei was typical of 
a muscle fibre cut transversely (Fig. 7). The muscle fibres appear, then, to 
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be mainly aligned in the long axes of the strips. Since these strips were cut 
obliquely from the intact artery, in which the muscle fibres are arranged 
mainly circularly about the lumen of the vessel, the muscle fibres must 
have been re-orientated during the preparation of the strip. 


Fig. 7. Muscle fibre orientation in the sheep mesenteric arterial strip: + ee 
tudinal section; 6, transverse section (from a different strip). Stain, Van Gieson- 


celestin blue. 
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DISCUSSION 


The foree of the isometric contraction of the sheep’s mesenteric arterial 
strip induced by noradrenaline was found to depend on the initial length 
of the strip. This supports earlier observations obtained with adrenaline 
stimulation (Ducret, 1931). Although Alexander (1954) did not comment 
on this, his length-tension curves derived from the pressure—flow curves 
of the relaxed and contracted dog thoracic aorta also suggest that the 


active tension developed on adrenaline stimulation depends on the initial: 


length of the muscle. 

The more detailed nature of the present results allows a comparison to 
be made between arterial-muscle contraction and muscle contraction in 
_ general. As with frog skeletal muscle (Aubert, Roquet & van der Elst, 
1951), uterine muscle (Csapé & Goodall, 1954), intestinal muscle (Brockle- 
hurst, 1926), cat nictitating membrane (Hampel, 1934), dog penis retractor 
(Winton, 1926) and molluscan muscle (Abbott & Lowy, 1958), the iso- 
metric contraction of the arterial smooth muscle increased with elongation 
up to a maximum, then decreased with further length increases. Com- 
pared to skeletal muscle, however, arterial muscle can develop an active 
tension (on noradrenaline stimulation) over a remarkably wide range of 
length, a detectable contraction being present at 35-40 % of the length at 
which a maximum contraction develops. Skeletal muscle develops no 
tension at the equivalent short length (Aubert e¢ al. 1951). Unlike skeletal, 
molluscan and uterine muscle an appreciable resting tension was present at 
_ lengths shorter than that at which a maximum isometric contraction was 
developed. In this respect arterial muscle more nearly resembles intestinal 
muscle and the muscles of nictitating membrane and dog penis retractor. 


The dependence of the force of the isometric contraction on initial | 


length of muscle appears to be a fundamental property of many con- 
tractile tissues. It is tempting then, to suggest that were this dependence 
to hold, not only for arterial muscle in vitro but also for arteriolar muscle 
im vivo, it would be likely that the length of the muscle in the blood vessel 
wall would play some part in the mechanisms controlling blood pressure. 


SUMMARY 
1.. A method of preparing strips from the muscle of the mee: S mesen- 
teric artery is given. 
2.. The time course of the stress relaxation in the resting strip was found 


to be linear when tension was plotted against the logarithm of time over at 
least 2 logarithmic cycles of time. 


3. The resting tension which developed at any length depended on the 


previous history of the strip with respect to stretch. 
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4. A stable noradrenaline response was obtained only on maximal or 
near-maximal stimulation (1-10 yg/ml.). | 

5. The force of the isometric contraction developed on noradrenaline 
stimulation (1-5 mg/yl.) increased with length of strip up to a maximum, 
then decreased with further increases in length. 

6. These results have been discussed in relation to muscle contraction 
in general. 


I wish to thank Dr E. G. McQueen for suggesting the problem which led to this work and 
for his continued interest: and encouragement; Professor F. H. Smirk and Dr F. N. Fastier 
for their generous advice and criticism, Mr A. T. Wallis who constructed the apparatus and 
Dr T. C. Highton for the histological study. I am indebted to the Medical Research Council 
of New Zealand for defraying the cost of this work and to I.C.1. (N.Z.) for the award of a 
Fellowship. 
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The technique of ‘internal calorimetry’ (Grayson, 1952) has been ex- 
tended so that both blood flow and metabolic heat production can be 
measured simultaneously in solid organs (Grayson & Kinnear, 1958). A 
full examination of the technique with observations on its use in the assess- 
ment of carbohydrate metabolism in liver and muscle has been made by 
Dosekun, Grayson & Mendel (1960). 

Since the measurements made by this method are limited to a small 
volume of tissue surrounding the recorders, it seemed that this technique 
might well afford a fresh approach to functional relationships within the 
brain. In the present work measurements were made in the thalamus and 
three cortical areas—sensory, motor and occipital. This paper describes an 
investigation into the.different responses of these four regions in relation 
to certain aspects of carbohydrate metabolism. 


METHODS 


Internal calorimetry. The technique of and principles underlying internal calorimetry 
depends on the thermo-electric measurement of thermal conductivity. It has been shown 
elsewhere (Grayson, 1952) that conductivity increment 8k (i.e. the thermal conductivity of 
living tissue less the thermal conductivity of dead tissue) is an approximately linear function 
of blood flow. « 

In this work a Cambridge four-channel recording camera was used with two channels 
converted to temperature recording by the substitution of D’Arsonval units for the standard 
oscillators. Simultaneous recording could thus be obtained from two separate thermo- 
couples. Four recorders were, in fact, implanted in the brain and a selector switch enabled 
recording to be made at will from either of two pairs of recorders. The circuit is giveri in 
Fig. 1. 

The heater leads of all four recorders were connected in series so that a single current 
source (a 6 V car battery), controlled by the cam-operated switch gear described previously 
(Grayson & Mendel, 1957), supplied all four recorders simultaneously. Thermal equilibrium 
levels were thus maintained throughout the experiment in all recorders and were not affected 
by the selector switch described above. 

Operative procedure. The animals used in this work were male wind female West African 
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Green monkeys (Cercopithecus aethiops) of average weight 3-5 kg. Anaesthesia was induced 
with ethyl chloride and maintained with intraperitoneal pentobarbitone sodium (60 mg/kg 
body weight). Two trephine holes (18 mm diameter) were made, one exposing the central 
sulcus and lateral cerebral fissure and the other the occipital lobe. 
The thalamic recorder was inserted as follows. In the West African Green monkey the 
central suleus is readily recognizable. At its lower end, where it approaches the lateral 
cerebral fissure, it is joined by a large artery approaching its anterior lip. Insertion of the 
recorder in the transorbital plane, in the angle between this vessel and the sulcus, to a depth 
varying slightly with brain size—usually to a depth of 18 mm—brought the tip of the recorder 


Fig. 1. Cireuit diagram of control panel. 2, 3, 4, 1 recording thermojunctions. The 
Yaxley switch Y (Radiospares Ltd.) has three positions. Left brings the thermo- 
couples attached to recorders 3 and 4 into circuit with the two recording galvano- 
meters (RG). Centre = open circuit. Right brings thermocouples from recorders 1 
and 2 into circuit with the galvanometers. All joints are soldered. No terminals 
used except at the galvanometers. Cold junctions (C.J) mounted in a polyethylene 
tube near the common carotid artery. C, compensating box : 


deep into the posterior group of thalamic nuclei. The thermocouple itself, which is the real 
recording point, came to rest in the middle of a bulk of thalamic nuclear tissue. The accuracy 
of the insertion was checked in every case after the experiment by dissection of the brain, 
and was found to be reliable in every case. | 

The cortical recorders were inserted under direct vision in a plane parallel to the surface 
of the brain, so that the recorder was surrounded by grey matter. Recordings were usually 
made from the motor cortex, sensory cortex and occipital cortex. After insertion recorders 
Were soldered to the thermo-electric and heating circuits, the skin incision was closed and 
the head covered with cotton wool. 
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Insertion of the cold junctions. Since recording was from two circuits simultaneously it was 
necessary to have two cold junctions. These, made from fine gauge copper and constantan 
(s.w.a@. 30), were mounted together in a fine polyethylene tube which was passed up the 
antebrachial artery so that the cold junctions came to lie near the origin of the common 
carotid artery. 

Injections were made ‘isieiie an indwelling polyethylene cannula in a femoral vein. Blood 
sugar samples were taken from the femoral artery and estimated by the method of Nelson 
(1944). 

Determination of metabolic heat production. The concept of ‘excess temperature’ as an 
indicator of metabolic heat production has already been described at length. Briefly, the 
calculation is based upon the recording of lower equilibrium temperature, i.e. the tempera- 
ture of a heated thermocouple through which a current of 0-200 A® is yee’ (Grayson, 
1952). This is read from the photographic trace. 

The cold junction was in the stream of blood supplying the brain, and changes in blood 
temperature due to causes outside the brain were thus automatically allowed for. Under 
these circumstances changes in lower equilibrium temperature have been shown to be 
due either to changes in blood flow or to changes in local heat production. The effect of 
changes in blood flow can be predicted from the record. Changes in lower equilibrium 
temperature beyond those thus predicted are referred to as ‘excess temperature’ and are due 
to alterations in local heat production. The assumptions involved in this procedure have 
previously been discussed at length (Dosekun et al. 1960), as have also the methods of 
calculation. 

Although in the liver it was possible to take the calculation further and make quantitative 
deductions, the conditions never occurred to make this further extension to the calculation 
with respect to brain. Accordingly, ‘excess temperature’ should be regarded as a qualitative 
index only enabling changes in heat production to be assessed from an arbitrary starting 
point, but giving no idea of resting or absolute values of heat production. 


RESULTS 
Blood flow distribution in the brain : 
Table 1 gives the result of 5 measurements in eight monkeys lightly 
anaesthetized with pentobarbitone sodium. In individual monkeys no 
consistent pattern of distribution of blood flow as between motor, sensory 
and occipital cortex could be detected, nor any consistent relation between 


TABLE 1, Resting maximum 6k values ( x 10-4) in the cortex and thalamus in 
eight monkeys. The values shown are the averages of five successive cycles 


Cortex 
Expt. no. Thalamus Motor Sensory Occipital 

1-0 3°0 4-4 3-7 

2 3°3 4-8 0-7 1-3 

3 1-5 — 1-7 1-6 

4 3-6 — — 

5 2-9 0-6 2-8 

6 51 1-8 2-7 5-1 
2-1 22 2+3 — 

8 1-0 3°5 — 
Means 2-5 2°5 2-5 2-9 
S.E. 0-5 0:7 0-4 0-9 
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the cortical areas and the thalamus. Mean 5k values, from all four regions, 
were similar. | 

_ In three monkeys recording from the white matter deep to the parietal _ 
cortex was made before measuring cortical flows. The 5k values were 
uniformly low. In one experiment an average 5k value of 0-6 x 10-4 was 
found, in another 0-2 x 10~ and in the third the thermal conductivity was 
similar to that of the dead brain. 


Thalamus 


bkx1074 


Motor cortex 


Blood glucose 
(mg/100 ml.) 
1 


0 20 40 60 80 100 120 140 160 
Minutes 


Fig. 2. The effect of insulin (5 i.u./kg) at arrows on blood flow in the thalamus and 
cerebral motor cortex of the monkey. 


The effect of insulin on brain blood flow and metabolic 
heat production 


The effect of insulin on brain blood flow and metabolic heat production 
was investigated in four monkeys. In some of the experiments recordings 
were made from all four regions under observation. In such experiments 
an initial period of recording of 20-30 min was allowed from two regions, 
during which time steady blood-flow conditions were obtained. Recording 
was then continued for 20-30 min from the other two recorders. Insulin 
5i.u./kg (Insulin A.B. ; British Drug Houses) was then given intravenously 
and the recording continued for 40 min. Further records were then obtained 
from the first two recorders. 
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A second injection of insulin (2-5 i.u./kg) was given 60-70 min after the 
first, in order to maintain hypoglycaemia. Samples of blood from an in- 
dwelling cannula in the femoral artery gave blood-sugar values of from 
15 to 43 mg/100 ml., 30-40 min after the first intravenous — in 
insulin. 

The effect of insulin on brain blood flow. The results of a typical experi- 
ment are shown in Fig. 2. The results of observations from the cortical areas 
of four monkeys are given in Table 2, and from the thalamus in Table 3. 
It will be seen from Table 2 that the pattern of blood-flow responses from 
the cortex was variable, either increases or falls in flow being recorded. 


In the thalamus a more consistent pattern of blood-flow response was | 


TABLE 2. The effect of insulin (5i.u./kg) on blood flow (conductivity increment 4k) in 
various parts of the cerebral cortex. The values in brackets were all recorded 40 min after 
the particular injection referred to. All other values are maximum effects 


Resting Average Average Average 


average max. 5k max. 5k max. dk 
Area of max. after Ist before 2nd after 2nd 
Expt. no. cortex 8kx10-* ~ insulin insulin insulin 
1 Motor. 3-0 (1-6) 2-1 2-0 
Sensory 4-4 (4-7) 2-4 26 
Occipital 3-7 3-2 2-6 (2+8) 
2 Motor 4-8 4-2 2-0 Ce 
Sensory 0-7 (1-7) 1-0 (1-2) 
Occipital 1-3 (1-1) 1-3 (1-3) 
3 Sensory 1-7 2-4 1-2 = 1-2 
Sensory 2-2 3-9 3°7 3°9 


Table 3. The effect of insulin (5 i.u./kg) on blood flow in thalamus (value in - 
brackets = reading after 40 min. All other values = maximum effects) 


Resting Average max. Average max. Average max. 
average max. 5k after 5k before dk after 
Expt. no. dk x 10-4 Ist insulin 2nd insulin 2nd insulin 
1-0 2-0 1-1 (1-1) 
2: 3°3 8-1 2-8 4-1 
3 1:5 2-3 1-8 2-4 
4 3°6 5-2 4-2 


obtained (‘Table 3). In the experiment shown in Fig. 2, for example, the 


injection of insulin was followed by a rise in blood flow to a peak reached 
within 20 min of the injection. Thereafter, blood flow returned slowly to 
initial levels despite the maintained hypoglycaemia. A further injection 
of insulin again produced a significant increase in blood flow without any 
further change occurring in blood-glucose levels. 

The effect of insulin on metabolic heat production. {Observations from the 
cortex in four monkeys are given in Table 4. The immediate responses of 
the cortical areas to insulin were slight and variable. The most frequent 
response was a rise in heat production with a maximum within 40 min 
after the injection. With prolonged hypoglycaemia, however, every obser- 
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vation except one showed a marked depression of heat production occur- 
ring in all the cortical areas examined (Fig. 3). This depression occurred 
without further change in blood flow and without further change in blood 
glucose. 


Taste 4. Effect of insulin (5 i.u./kg) on heat production in various parts of the cerebral 
cortex. Values in brackets were obtained 40 min after insulin 3 


‘Maximal changes Maximal changes 
: in excess temperature in excess temperature 
(°C x 10-*) (°C x 10>?) 
Expt. no. Area of cortex after ist insulin after 2nd insulin 
1 Motor (—10) — 50 
Sensory : (— 16) — 120 
Occipital — 22 (— 180) 
2 Motor +18 — 50 
Sensory — (+10) (+16) 
Occipital (+15) (— 240) 
3 Sensory +16 — 185 
4 Sensory : +10 — 90 


Thalamus 


Motor cortex 


Excess temp. (°C x 107) 


uw 
oO 


Blood glucose 
(mg/100 ml.) 
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Fig. 3: The effect of insulin (5 i.u./kg) at arrows on metaboli¢ heat production in 
the thalamus and cerebral cortex of the monkey (same experiment as Fig. 2.) 


The results of four experiments on the thalamus are given in Table 5. 
In all experiments the immediate response to insulin injection was a rise 
in metabolic heat production accompanying the blood-flow rise already 
reported. The rise was not maintained and excess temperature slowly fell 
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towards its initial levels. A second injection also produced a rise in thalamic 
heat production accompanying the blood-flow change, even though no 
further change occurred in blood-glucose levels (Fig. 3). In only one 
experiment was the second injection of insulin followed by a fall in thalamic 
heat production. 


TABLE 5. The effect of insulin (5 i.u./kg) on heat production in the thalamus. 
The value in brackets was obtained 40 min after insulin 


Maximal change Maximal change 
in excess in excess 
temperature temperature 
(°C x 10-*) after (°C x 10-*) after 
Expt. no. Ist insulin 2nd insulin 
] + 6 (+90) 
2 +28 +30 
3 +48 +10 
1 +18 — 30 


Insulin | Glucose 


Excess temp. (°C x 1072) 


0 20 40 60 80 100 
Minutes 


Fig. 4. Depression of heat production in cerebral sensory cortex, produced by a 
2nd injection of insulin. Depression reversed by injection of glucose (actual record 
of later part of experiment given in Fig. 5). 


The influence of glucose during prolonged hypoglycaemia. A consistent 
feature of these results is illustrated in Fig. 4. In this experiment re- 
cording was from the sensory cortex. A very considerable depression in 
heat production occurred without any change in blood-flow or blood-glucose 
levels after the second injection of insulin. An injection of glucose (1 g/kg) 
sufficient to restore the levels of blood glucose to 300 mg/100 ml. produced 
a rapid recovery of heat production, so that calculated excess temperature 
rose to levels considerably higher than the resting levels. The actual record 
from this experiment is shown in Fig. 5 to illustrate the magnitude of the 
response. In three other experiments, glucose, given after a dose of insulin 
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sufficient to produce cortical depression, always caused recovery, up to or 
above the resting level. 


The effect of glucose on brain blood flow and metabolic heat production 

The effect of glucose on brain blood flow and excess temperature was 
determined in four experiments on different monkeys. After an initial 
period of recording (30 min) to allow steady blood-flow conditions to be 
obtained, glucose (1 g/kg) was given intravenously and recording continued 
for a further 60 min. 


Fig. 5. iain: trace of the part of the experiment shown in Fig. 4: the effect 
of glucose on the brain of a hypoglycaemic monkey. A, recording from thalamus; 
B, recording from cerebral sensory cortex. Glucose (1 g/kg) given at arrow. 


The effect of glucose on brain blood flow. The results of four experiments 
where blood flow was simultaneously recorded from the thalamus and 
cerebral cortex are shown in Table 6. A typical result is illustrated in Fig. 
6. In the cortex, the effect on blood flow of intravenous glucose, in doses 
sufficient to raise the blood-glucose level to 300 mg/100 ml. or more, was 
usually slight. Recordings from the various cortical sites chosen, namely 
sensory, motor and. occipital cortex, showed no difference in reaction to 
glucose. In only one instance (Expt. 7, Table 6) did any significant rise ' 
in blood flow occur. 

In the thalamus (Table 6) two of the experiments showed an increase 
in blood flow. In the other two experiments the flow increases which were 
recorded were probably not significant. 

The effect of glucose on metabolic heat production. The results of four 
experiments (the same four as are referred to in Table 6) are given in 
Table 7. A typical result is illustrated in Fig. 6. The findings from the 
various cortical areas showed slight drops in heat production in three 
animals, and a marked drop in cortical heat production in another animal. 

In the thalamus the results were consistent. Every experiment showed 
a marked fall in heat production, accompanying the rise in blood flow. 


The effect was rapid and recovery slow (Fig. 6). : 
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Cortex 


8kx1074 


WM 


Excess temp. (°C x 1072) 
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Fig. 6. Effect of glucose (1 g/kg) on blood flow and heat production in thalamus 
and cortex. Experiments on different monkeys. Blood glucose at A = 300 mg/ 
100 ml. Blood glucose at B = 360 mg/100 ml. 


TABLE 6, The effect of glucose (1 g/kg) on blood flow (conductivity increment) 


om in the thalamus and cortex (cortical areas not specified) 
Thalamus Cortex 
Average Average 
Resting max. Resting max. 
average dk x 10-4 average 5k x 10-4 
max. after max. after 
Expt. no. 5k x 10-4 glucose dk x 10-4 glucose 
5 2: 4:3 0-6 0-9 
6 5-4 2°7 2-4 
7 2-3 2°3 3°8 
8 1-0 2-8 3°5 3°9 


TABLE 7. The effect of glucose (1 g/kg) on heat production in the 
thalamus and cortex 


Max. changes in excess temperature 


(°C x 10?) 
Expt. no. Thalamus Cortex 
5 »— 56 — 4 
6 — 53 — 6 
7 — 20 — 40 
8 —14 


The effect of combined glucose and insulin on brain blood flow 

and metabolic heat production 
In three of the monkeys in which the effect of glucose on brain blood 
flow and metabolic heat production had been investigated, the effects of 
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siouniebid glucose (1 g/kg) and insulin (5 i.u./kg) were determined. Intra- 
venous injection was given 3 hr after the previous glucose injection. Blood 
glucose levels were then between 120 and 180 mg/100 ml. 


G Thalamus G Cortex 


dkx1074 


— 20 


Excess temp. (°C x 1077) 


Minutes 

Fig. 7. The effect of glucose (1 g/kg) and insulin (5i.u./kg) at arrow GI on the 

thalamus and cerebral cortex. Experiments on different monkeys. Blood glucose 

at A = 330 mg/100 ml. Blood glucose at B = 310 mg/100 ml. 


TABLE 8. The effect of combined glucose (1 g/kg) and insulin (5 i.u./kg) on 
blood flow (conductivity increment) in the thalamus and cortex 


Thalamus Cortex 
Resting Average max. ‘Resting Average max. 
max. 5k x 10-* max. 5k x 10-4 
average dk after glucose average 5k after glucose 
Expt. no. xi0-* ~ and insulin x 10-4 and insulin 

5 18 1-9 3:1 3°9 
6 4-5 1-0 2-8 
7 1-3 1-8 2-7 2-9 


The effect of glucose and insulin on brain blood flow. The results for blood- 
flow changes in the thalamus and cortex are shown in Table 8, and the 
pattern of a response in Fig. 7. In each experiment the rise in blood glucose 
was similar to that obtained in experiments where no insulin was given— 
namely, to levels higher than 300 mg/100 ml. The effect on blood flow in 
the various cortical areas and thalamus was variable. In one experiment 
both the cortex and thalamus showed immediate rises in blood flow. In 
the other experiments there were either smaller 1 increases or no change i in 
blood flow. | 

The effect of glucose and insulin on heat production. Metabolic heat pro- 
duction was calculated in the same experiments recorded in Table 8 and 
the results are shown in Table 9 and Fig. 7. In the cortical areas there was - 
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an initial depression of varying extent, always short-lived and usually 
_ followed by a rise above initial levels. In the thalamus the results were 
similar to those reported above where glucose alone was given. There was 
an initial depression of considerable i gitacaess quick to develop and only 
slowly returning towards resting levels. 


TaBLE 9. The effect of combined glucose (1 g/kg) and insulin (5 i.u./kg) 
on heat production in the thalamus and cortex 


Maximum changes in excess 
temperature (°C x 10-?) 
Expt. no. Thalamus Cortex 
5 — 72 —12 
6 — 32 — 7 
7 — 20 — 20 
DISCUSSION 


Internal calorimetry is a technique which enables both blood flow and 
metabolic changes to be evaluated from the area in which the recorder is 
inserted. The use of excess temperature as an indicator of heat production 
has been justified with respect to liver and muscle. (Dosekun et al. 1960). | 
It is equally valid in brain. It is a measure of temperature change in a 
heated thermocouple after allowance has been made for the temperature 
changes produced by blood flow. Provided the point of reference, the cold 
junction, is in the blood stream supplying the organ, and the environment 
is at a constant temperature and heat losses are constant, it is contended 
that the only factor, other than blood flow, which can affect the heated 
thermocouple is local metabolic heat production. | 

Resting blood-flow distribution in the lightly anaesthetized monkey 
brain showed wide variations from animal to animal, but the average 
findings from motor, sensory and occipital cortex indicated little difference 
in blood-flow distribution between any of these areas or between these 
areas and the thalamus. Blood flow in the subcortical white matter was 
low—so low as not to be measurable by this method. | 

Measurement of metabolic heat production showed no differences in the 
pattern of reaction between the various cortical areas investigated, but 
the thalamus was markedly different in its behaviour. In the cortex 
insulin injections produced first a slight rise in metabolic activity, with 
little change in blood flow. After prolonged hypoglycaemia there was a 
marked depression of cortical heat production, a gross change reversible 
by the giving of glucose. 

In the thalamus, however, there was a marked rise in heat production 
with insulin accompanied by a rise in blood flow. In only one experiment 
was there any fall in heat production, even after hypoglycaemia prolonged 
for over an hour. 
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Glucose injections had rather different effects. The cortex showed little 
reaction either in blood flow or heat production. The thalamus, however, 
always responded with a marked depression of heat production, even if 
insulin was given simultaneously, which may be explained on the grounds 
that insulin is slow to act, and that there was always an initial rise in blood 
glucose. 

These results are best interpreted as being directly related to levels of 
blood glucose. They are differences of degree rather than of kind. It would 
seem that the cortex is more sensitive to low levels of blood glucose, 
whereas the thalamus is more sensitive to high levels of blood glucose. 

The findings are consistent with the suggestion that the thalamus houses 
some reserves of glucose, making it less sensitive to low blood-glucose levels 
than the cortex; that even in the cortex, since the final depression is a late 
event, there must also be some glucose storage capacity. Under these 
circumstances it might be reasonable to suppose that rélease of glucose, 
from whatever substrate may be involved, is an exothermic process, and 
that the final cortical depression represents a state of exhaustion of those - 
stores. 7 

The thalamic depression in the presence of high blood-glucose levels is 
more difficult to explain. If one assumes release of glucose from intra- 
thalamic stores to be an exothermic process, and if one assumes that con- 
tinued release of such glucose is a source of continuous heat production, 
then in the presence of high blood glucose it would not be unreasonable to 
presume that glucose release would be slowed down. On the basis of the 
above assumptions this might well produce a fall in thalamic heat pro- 
duction of the kind observed. ;, 

These speculations are merely put forward in an attempt to delineate 
the further problem. The present technique may be regarded as a bio- 
chemical indicator which amongst other things demonstrates where the 
biochemical problems lie. Clearly there is a strong case to be made for the 
reassessment of the basic biochemistry of these parts of the brain. Whether 
the small amounts of glycogen reported in the cortex (Kerr & Ghantus, 
1936) can account for the phenomena reported or whether another sub- 
strate is involved is open to question. Little tissue-slice work seems to 
have been done on the thalamus and there is a need for the further bio- 
chemical investigation of this organ in relation to the cortex. 


SUMMARY 
1. The technique of ‘internal calorimetry’ was applied to the investi- 


gation of blood flow and heat production in the sensory, motor and occipital 
areas of the cerebral cortex and in the thalamus of West African Green 


monkeys, 
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2. Insulin produced a small rise in heat production in all cortical areas 
and a much bigger rise in heat production in the thalamus. Protracted 
hypoglycaemia brought about a gross fall in cortical heat, reversible by the 
administration of glucose. The thalamus was much more resistant and only 
rarely did:gross hypoglycaemia cause a fall in its heat production. | 

3. Insulin was followed by small changes in cortical blood flows but by 
a marked rise in thalamic blood flow. 

4. Glucose alone had little effect either on blood flows or on heat pro- 
duction in the cerebral cortex. In the thalamus, however, glucose admini- 
stration always caused a marked drop in heat production. 

5. Possible interpretations of these effects are discussed. 


The authors are indebted to the West African Council for Medical Research, the Medical 
Research Council of Great Britain and the Stewart Haley Trust for their assistance. 
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Several workers have studied the absorption of sugars from preparations 
in vitro of the small intestine of various species (e.g. Fisher & Parsons, 
1950; Darlington & Quastel, 1953; Wilson & Vincent, 1955). In general, 
quantitative results have been obtained only with monosaccharides 
because of the limitations of the analytical methods. The availability of 
an automatic scanning method for paper chromatography of radioactive 
substances (Chain, Frank, Pocchiari, Rossi, Ugolini & Ugolini, 1956) has 
made it possible to examine quantitatively the absorption of glucose, 
maltose and the higher oligosaccharides contained in a starch hydrolysate 
(similar to liquid glucose, B.P. Codex 1959), and of sucrose, from the 
isolated surviving rat small intestine. 


METHODS 


Animals. Male Wistar rats weighing 200-250 g and maintained on a standard diet were 

Radioactive materials. Uniformly labelled '*C-glucose, *C-sucrose and '*C-fructose were 
obtained from the Radiochemical Centre, Amersham, Bucks. ‘C-labelled tobacco leaf starch 
was prepared by a modification (P. F. Langley & K. D. Rapson, personal communication) 
of the method of Porter & Martin (1952). Hydrolysis was carried out with 10 parts (w/v) 
of 0:1 n-HCl at 145° C for 45 min. This procedure was comparable with that used to produce 
liquid glucose from maize starch. This product was analysed chromatographically and shown 
to correspond closely with a typical liquid glucose (Table 1), the data for which were obtained 
partly from analyses published by the Technical Advisory Bureau, Corn Industries Research : 
Foundation (1956). All sugars were diluted with the corresponding inert material to give 
& specific activity of about 1- 0 pe}mg. 

Intestinal preparation. The preparation of the rat small intestine was similar to that 
described by Fisher & Parsons (1949). An oxygenated (95% O,, 5% CO,) Krebs—Ringer 
bicarbonate buffer solution was circulated by gas (95% O,, 5% CO,) lift through the whole 
length of the small intestine ‘(from the duodenojejunal flexure to the caecum) through 
cannulae inserted into both ends of the lumen in an ether-anaesthetized rat. The intestine 
was then removed from the animal and suspended in a bath containing 50 ml. of Krebs— 
Ringer solution which was also circulated by gas lift. By this technique the tissue was 
prevented from being subjected to anoxia at any time, and thus the associated disturbances 
demonstrated by Fisher & Parsons (1949) were avoided. 
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Perfusion conditions. All perfusions were carried out for 1 hr at 37°C with an initial 
volume of 50 ml. of Krebs—Ringer bicarbonate buffer at pH 7:2 containing an initial 
concentration of 0-5 % (w/v) of each sugar, except where otherwise stated. 1 ml. of 0-3 % 
phenol red/50 ml. of buffer was added to the inner circuit to reveal any minute pinholes in 
the neighbourhood of the cannulae. As soon as the circulation was set up, a 1 ml. sample was 


removed and analysed for total radioactivity and the initial circulating volume thus > 


calculated to correct for saline entrapped in the lumen during the operation procedure. The 
course of the absorption of the different sugars was followed by taking 1 ml. samples from 
the inner and outer circuits at intervals during the next 60 min. These were immediately 
replaced by 1 ml. of Krebs-Ringer buffer to prevent volume changes, appropriate corrections 
for this sampling being made i in the calculations. 


TABLE 1 
Anhydrous sugars (%) 


‘Hydrolysed Liquid glucose 
tobacco starch from maize starch 


Glucose 16-2 18-9 
Maltose 11-4 14-0 
Maltotriose 10-0 11-0 
Maltotetraose 9-4 | 9-7 
Maltopentaose 8-6 8-4 
Higher oligosaccharides 44-4 38-0 

100-0 100-0 


At the end of the perfusion period the contents of the inner and outer circuits were both — 


drained and both circuits washed with 50 ml. of buffer circulated for 1 min. From the total 
radioactivity in the washings obtained from the inner and outer circuits a correction was 
made to allow for the loss in volume due to incomplete drainage of the circuits. A correction 
for evaporation losses was also applied. 

Preparation of samples for chromatography. Paper chromatograms were made of tissue 
extracts and the samples of inner and outer circulating fluids. The tissue extracts were 
_ prepared as follows. The intestine, after measurement of its length, was transferred into 
10 ml. of ice-cold 60 % alcohol and homogenized in a Waring Blendor. After homogenization 
the solution was centrifuged and the supernatant collected. The centrifuged tissue was again 
homogenized in 10 ml. alcohol (this time in a Potter-Elvehjem homogenizer) and centri- 
fuged; and this procedure wag repeated three times. The combined extracts were then 
evaporated to dryness in a Craig rotary evaporator. The extract was then dissolved in 
1 ml. of water and samples removed for paper chromatography. The alcohol- insoluble 
material was kept for determination of residual radioactivity. 

The samples of inner and outer fluids removed during and at the end of the 60 min per- 
fusion were freeze-dried and reconstituted in one-fifth of the original volume, in order to 
provide sufficient radioactivity for precise counting on paper chromatograms. 

Paper chromatography. The concentrated samples were analysed by both uni- and bi- 
dimensional paper chromatography. Each sample was chromatographed in at least two 
solvent systems at 20° C. The following solvents were used: 


. n-butanol: ethanol: water—2: 1:1. 

n-butanol: acétic acid: water—40: 11:25. 

. 6ec.-butanol: formic acid (88 %):water—5:1:1. 
. phenol: ammonia (0-880): water—80:; 1: 20. 

. phenol:acetic acid: water—80:.1: 20. 


For the separation of the components of starch hydrolysate, unidimensional chromato- 
grams were run for 60 hr in solvent A. Bidimensional chromatograms were run first in 


| 
50 
sed 
stare 
N 
lue 
mix 
lue 
DUC 


| 


ABSORPTION OF DISACCHARIDES IN THE RAT 41 


solvent A for 36hr and then in solvent C for 36hr. Lactate was determined on uni- 
dimensional chromatograms run for 19 hr in solvent B. Both lactate and amino acids were 
determined on bidimensional chromatograms run first in solvent C for 16 hr and then in 
solvent D for 19hr. Glucose, fructose and sucrose were determined on bidimensional 
chromatograms run either for 36 hr in solvent A and then for 36-48 hr in solvent C, or 
for 19 hr in solvent B followed by 24 hr in solvent Z. 

In order to obtain clearly defined spots on the chromatograms of samples containing large 
amounts of sucrose with small amounts of glucose, desalting was carried out with Amberlite 
MB3 resin in the bicarbonate form (Woolf, 1953). 

To prevent losses of lactate by volatilization, all chromatograms used for the separation 
of lactate were placed in an atmosphere of ammonia vapour immediately after removal from 
the solvent tank. 

Quantitative determination. The paper chromatograms of the radioactive sugars and their 
metabolites were examined by the automatic scanning device of Chain et al. (1956) in its 
modified form (Frank, Chain, Pocchiari & Rossi, 1959). 

The radioactivity of the insoluble residue was determined by counting thin films of the 
solid material on aluminium planchets. Correction for self-absorption and counter geometry 
were applied to make the results comparable with measurements of the radioactivity 
counted on paper. 


RESULTS 
Rates of absorption 


The mean absorptions of the different sugars calculated from the quanti- 
tative evaluation of the scanned chromatograms are given in Table 2. At 
comparable concentration (0-5 °%/, (w/v)) the highest rates of disappearance 
of total carbohydrate from the lumen and the highest rates of appearance 
of glucose on the. serosal side were obtained when starch hydrolysate or 
glucose were perfused. The figures given for the experiments with glucose 
are in close agreement with the published rates of Fisher & Parsons (1953). 
The rate of disappearance of sucrose was greater than that of fructose and 
more fructose appeared on the serosal side after perfusion with sucrose 


TaBLE 2. Absorption of carbohydrates during perfusion of rat small intestine 
with various sugars 


Results expressed as mg carbohydrate/em (mean+s.z.) after 1 hr perfusion carried out at 37°C | 
50 ml. of oxygenated (95 % O,, 5% CO,) Krebs-Ringer bicarbonate buffer at pH 7-2. All sugars were 


at a concentration of 0-5 % (w/v) except where indicated. 


No Disappearance of — Appearance of carbohydrate 
‘ Sugar of from i inner fluid in outer fluid 
Glucose Total Glucose Fructose Total 
itarch hydrolysate 8 im — 1-98+0-05 0-96 + 0-04 nil 0-96 + 0-04 
Hucose 4 1:81+0-03 18140-0383 1-18+0-03 nil 1-18+0-03 
Plucose-fructose 3 1-22+0-04 0-34+ +0: 03 1:564+0-03 0-57+0-08 0-06+0-02 0-62+0-09 
{mixture 
lucose-fructose 2 1:774+0-01 0-68+0-02 2-454+0-01 0-98+0-01 0-11+0-01 1:09+0-01 
mixture* 
ucrose 4 1:15+0-05 0:304+0-02 0:1740-02 0:474+0-02 
Tuctose . 3 yore 0-79 + 0-05 0:79 + 0-05 nil 0-11 0-11 


* 1-0% (w/v) concentration used in these experiments. 
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Perfusion conditions. All perfusions were carried out for 1 hr at 37°C with an initial 
volume of 50 ml. of Krebs-Ringer bicarbonate buffer at pH 7-2 containing an initial 
concentration of 0-5% (w/v) of each sugar, except where otherwise stated. 1 ml. of 0:3% 
phenol red/50 ml. of buffer was added to the inner circuit to reveal any minute pinholes in 
the neighbourhood of the cannulae. As soon as the circulation was set up, @ 1 ml. sample was 
removed and analysed for total radioactivity and the initial circulating volume thus 
calculated to correct for saline entrapped in the lumen during the operation procedure. The 
'” course of the absorption of the different sugars was followed by taking 1 ml. samples from 
the inner and outer circuits at intervals during the next 60 min. These were immediately 
replaced by 1 ml. of Krebs—Ringer buffer to prevent volume changes, appropriate corrections 
for this sampling being made in the calculations. 


TABLE | 
Anhydrous sugars (%) 


‘Hydrolysed Liquid glucose 
tobacco starch from maize starch 


Glucose 16-2 18-9 


Maltose 11-4 14-0 
Maltotriose 10-0 11-0 
Maltopentaose 8-6 8-4 
Higher oligosaccharides 44-4 38-0 

100-0 100-0 


At the end of the perfusion period the contents of the inner and outer circuits were both 
drained and both circuits washed with 50 ml. of buffer circulated for 1 min. From the total 
radioactivity in the washings obtained from the inner and outer circuits a correction was 
made to allow for the loss in volume due to incomplete drainage of the circuits. A correction 
for evaporation losses was also applied. 

Preparation of samples for chromatography. Paper chromatograms were made of tissue 
extracts and the samples of inner and outer circulating fluids. The tissue extracts were 
prepared as follows. The intestine, after measurement of its length, was transferred into 
10 ml. of ice-cold 60 % alcohol and homogenized in a Waring Blendor. After homogenization 
the solution was centrifuged and the supernatant collected. The centrifuged tissue was again 
homogenized in 10 ml. alcohol (this time in a Potter-Elvehjem homogenizer) and centri- 
fuged; and this procedure was repeated three times. The combined extracts were then 
evaporated to dryness in a Craig rotary evaporator. The extract was then dissolved in 
1 ml. of water and samples removed for paper chromatography. The alcohol-insoluble 
material was kept for determination of residual radioactivity. 

The samples of inner and outer fluids removed during and at the end of the 60 min per-. 
fusion were freeze-dried and reconstituted in one-fifth of the original volume, in order to 
provide sufficient radioactivity for precise counting on paper chromatograms. 

Paper chromatography. The concentrated samples were analysed by both uni- and bi- 
dimensional paper chromatography. Each sample was chromatographed in at least two 
solvent systems at 20° C. The following solvents were used: 

n-butanol: ethanol: water—2: 1:1. 

. n-butanol: acetic acid: water—40; 11:25. 

. 8ec.-butanol: formic acid (88'%):water—5:1:1. 
. phenol: ammonia (0-880): water—80: 1:20. 

. phenol: acetic acid: water—80: 1:20. 


For the separation of the components of starch hydrolysate, unidimensional chromato- 
grams were run for 60hr in solvent A. Bidimensional chromatograms were run first in 
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solvent A for 36hr and then in solvent C for 36hr. Lactate was determined on uni- 
| dimensional chromatograms run for 19 hr in solvent B. Both lactate and amino acids were 
: determined on bidimensional chromatograms run first in solvent C for 16 hr and then in 
| ' solvent D for 19hr. Glucose, fructose and sucrose were determined on bidimensional 
chromatograms run either for 36 hr in solvent A and then for 36-48 hr in solvent C, or 
for 19 hr in solvent B followed by 24 hr in solvent Z. 

In order to obtain clearly defined spots on the chromatograms of samples containing large © 
amounts of sucrose with small amounts of glucose, desalting was carried out with Amberlite 
MB3 resin in the bicarbonate form (Woolf, 1953). 

To prevent losses of lactate by volatilization, all chromatograms used for the separation 
| of lactate were placed in an atmosphere of ammonia vapour immediately after removal from 
| the solvent tank. 

Quantitative determination. The paper chromatograms of the radioactive sugars and their 
metabolites were examined by the automatic scanning device of Chain et al. (1956) in its 
modified form (Frank, Chain, Pocchiari & Rossi, 1959). 
: The radioactivity of the insoluble residue was determined by counting thin films of the 
solid material on aluminium planchets. Correction for self-absorption and counter geometry 
| were applied to make the results comparable with measurements of the radioactivity 
counted on paper. 


RESULTS 
Rates of absorption 
_ The mean absorptions of the different sugars calculated from the quanti- 
tative evaluation of the scanned chromatograms are given in Table 2. At 
comparable concentration (0-5 °/ (w/v)) the highest rates of disappearance 
\ — of total carbohydrate from the lumen and the highest rates of appearance 


| of glucose on the serosal side were obtained when starch hydrolysate or 


glucose were perfused. The figures given for the experiments with glucose 
are in close agreement with the published rates of Fisher & Parsons (1953). 
The rate of disappearance of sucrose was greater than that of fructose and 
| , more fructose appeared on the serosal side after perfusion with sucrose 


TaBLE 2. Absorption of carbohydrates during perfusion of rat small intestine 
with various sugars 


Results expressed as mg carbohydrate/em (mean+s.z.) after 1 hr perfusion carried out at 37°C 
50 ml. of oxygenated (95 % O,, 5% CO,) Krebs-Ringer bicarbonate buffer at pH 7-2. All sugars were 
at a concentration of 0-5 % (w/v) except where indicated. 


No. Disappearance of carbohydrate —. of carbohydrate 
4 Sugar | - of from inner fluid in outer fluid 
| perfused expts. : 
Glucose * Total Glucose Fructose Total 
htarch arolysate 8 — 1-98+0-05 0-:96+0-04 nil 0:96 + 0-04 
+ 1-81+0-03 — 1-81+0-03 1:18+0-03 nil 1:18+0-03 
fructose 3 1:224+0-04 .0:344+0-03 1:56+0-03 0:57+0-08 0-06+0-02 0-62+0-09 
‘mixture 
lucose- fructose 2 1:77+0-01 0:68+0-02 2:454+0-01 0-98+0-01 0-11+0-01 1-:09+0-01 
4 1:15+0-05 0:304+0-02 0-17+0-02 0:47+0-02 
3 — 0-79 +.0-05 0:79 + 0-05 nil 0-11 0-11 


* 1-0% (w/v) concentration used in these experiments. 
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than after perfusion with fructose. The rate of disappearance of fructose 
was about 45% of the rate observed with glucose, in good agreement with 
the results of Cori (1925) and Verz4r & McDougall (1936) with in vivo 
techniques. With a mixture of glucose and fructose, each in a concentra- 
tion of 0-5 % (w/v), the rates of absorption were not significantly different 
from the rates observed with each of the sugars perfused alone. 


2-2 
18 


1°6 


Concentration in inner fluid (mg/cm) 


Time (min) 


Fig. 2. Composition of the inner fluid at various periods during perfusion of the 
rat small intestine with starch hydrolysate; each point represents the mean of two 


experiments. [] Glucose, @ maltose, © maltotriose, ™ maltotetraose + poly- 
saccharides. 


Starch hydrolysate. The composition of the inner fluid during perfusion 
with starch hydrolysate is shown in Fig. 3, and an autoscanner number 
map of a chromatogram of the inner fluid at the end of the perfusion is 
shown in Fig. 1(a). The concentration of the higher oligosaccharides 
decreased rapidly while the maltose concentration rose steeply, indicating 
strong amylase activity in the lumen (Fig. 2). Following the steep rise, the 
maltose concentration diminished and during the first 30 min the glucose 
concentration increased, indicating maltase activity. Of the sugars in 
starch hydrolysate, only glucose appeared on the serosal side (see Fig. 1 (b)). 

The time course of the absorption of starch hydrolysate from the lumen 
and the appearance of glucose on the serosal side is given in Table 3. The 
rate of disappearance of starch hydrolysate from the inner fluid during the 
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first half hour was 2-7 mg/cm/hr, whereas in the second half hour it 
dropped to 1:54 mg/em/hr. The corresponding rates of appearance on the 
serosal side were 0-68 mg/em/hr in the first half hour and 1-32 mg/cm/hr 
in the second half hour. Although the concentration of free glucose in the 
lumen was never higher than 0:16 % (w/v), the rate of appearance of 
glucose on the serosal side during perfusion with starch hydrolysate was 
as high as the mean rate obtained with 0-5 °% (w/v) glucose in the lumen. 


TaBLE 3. Rate of absorption of carbohydrates during perfusion of 
rat small intestine with stareh hydrolysate 


Results expressed as mg carbohydrate/cm intestine/hr (mean of 4 expts.) during perfusion 
carried out with 0-5 % (w/v) starch hydrolysate. | 


Rate of disappearance Rate of appearance 


Time of carbohydrate of glucose in 

(min) from lumen serosal fluid 
0-10 3-00 0-60 
10-20 2-76 0-60 
20-30 2-34 0-84 
30-40 1-92 1:32 
40-50 1-56 1-32 
1-32 


50-60 1-14 


Sucrose. The composition of the inner circuit during perfusion with 
sucrose is shown in Fig. 3. Sucrose was not completely hydrolysed during 
the perfusion. The concentration of glucose in the lumen was small and 


tended to fall during the second 30 min of perfusion, as its rate of absorp- 


tion was greater than its rate of formation from sucrose, The concentration 
of fructose in the lumen rose during the perfusion because of its lower rate 
of absorption. 

The appearance of glucose and fructose in the serosal circuit during 
perfusion with sucrose is compared in Fig. 4 with the glucose appearing 
after perfusion with starch hydrolysate. With starch hydrolysate the 
concentration of glucose on the serosal side was approximately twice the 
sum of the glucose and fructose concentrations from sucrose. With a 
1:1 glucose-fructose mixture (total concentration 0:5 % (w/v)) the amount 
of sugar appearing on the serosal side was still only half that obtained with 
(w/v) starch hydrolysate. 

Fructose was found to be absorbed in the rat small intestine without 
epimerization to glucose. In the guinea-pig, however, 36% of the carbo- 
hydrate appearing on the serosal side after the perfusion was found to be 
glucose (Table 4). : 

Because fructose was removed from the lumen at a slower rate than 
glucose, the proportion of fructose to glucose in the lumen rose steeply 
during the perfusions with glucose-fructose mixture (1:1). At the end of 
the 1 hr perfusion the carbohydrate in the lumen consisted of 84-97 %, 
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fructose whereas the serosal fluid carbohydrate consisted of 89-93 °% 
glucose. 
Metabolism of sugars and transport of water. With all the sugars studied 


some conversion to lactate was observed. Lactate was found in both the — 


inner and outer circuits and in the extract of the intestinal tissue. The 


3-0 


Concentration in inner fluid (mg/cm) 


0 20 40 60 
Time (min) 
Fig. 3. Composition of the inner fluid at various periods during perfusion with 
sucrose; each point represents the mean of four experiments. ™ Sucrose, @ glucose, | 
© fructose. 


distribution of this lactate and the total determined is shown in Table 5. 
With all the sugars examined alanine was detected in trace amounts in 
the intestinal extracts and low residual radioactivity was associated wit 
the insoluble intestinal residue. 

The observation of Fisher & Parsons (1950), that during esbeption of 
glucose there was considerable water transport against a large osmotic 
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pressure gradient was confirmed. In the present experiments a loss of 
approximately 150 1./cem of intestine was observed when starch hydro- 
lysate or glucose was perfused. This was reduced to about 100 nl. /em with 
sucrose and to 50-60 ul./em with fructose perfusions. | 


— 


> ° 
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Concentration in serosal fluid (mg/cm) 


° 


0 10 20 30 40 50 
Time (min) 
Fig. 4. Appearance of sugars at various times in the serosal fluid after perfusion of 
the rat small intestine with starch hydrolysate or sucrose; each point represents 
the mean of four experiments. [] Glucose after perfusion with starch hydrolysate, 
@ glucose after perfusion with sucrose, © fructose after perfusion with sucrose. 


TaBiE 4, Absorption of fructose during perfusion of guinea-pig small intestine 


Results expressed as mg sugar/cm intestine after perfusion for 1 hr with 0-5 % (w/v) 
fructose. 
Disappearance Appearance of suger on serosal side 


of fructose 
from lumen Fructose Glucose Total 
0-91 0-14 0-08 


TaBLeE 5. Formation and distribution of lactate after perfusion 
with various sugars 


Results expressed as sugar converted to lactate, mg/em/hr. Experimental conditions as 
given in Table 2 


Inner 

circuit 
Starch hydrolysate 0-091 
Sucrose 0-064 
Fructose 0-055 
Glucose 0-086 
Glucose-fructose 1:1 0-094 


Outer 
circuit 


0-331 
0-205 
0-051 
0-178 
0-224 


Intestinal 
extract 


0-088 
0-063 
0-057 
0-085 
0-098 


Total + 


0-510+ 0-052 
0-332+0-041 
0-163 + 0-022 
0-349 + 0-033 
0-416+4 0-052 
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DISCUSSION 


The rate of miiacbiienne of carbohydrate from the lumen of the 
isolated rat small intestine was certainly not less when starch hydrolysate 
was used than when 0-5 % (w/v) glucose was used, although with starch 
hydrolysate the concentration of glucose in the lumen never rose above 
0-16 % (w/v). It is of interest to compare the observed rates of disap- 
pearance from the lumen and appearance on the serosal side with the 
results of Fisher & Parsons (1953) using various glucose concentrations in 
the inner circuit. With a 0-16% (w/v) glucose concentration in the lumen, 
the rate of disappearance from the lumen of glucose would be expected to 
be around 1 mg/cm/hr. As this 1 mg/cm/hr of glucose corresponds to the 
glucose utilization rate for the intestine (Fisher & Parsons, 1953) practically 
no glucose would be expected on the serosal side under these conditions. 
The appearance of 1:32 mg/cm/hr (Table 2) of glucose on the serosal side 
in the second half hour of the starch hydrolysate perfusions, when the 
glucose concentration was at most 0-16% (w/v), cannot therefore be 
accounted for solely by glucose absorption. Something other than glucose 
must be absorbed from the lumen and this substance must be supplying 
the needs of the intestinal wall for glucose. 

The time course of the absorption of starch hydrolysate from the lumen . 
was markedly different from the published results of Fisher & Parsons 
(1953) with glucose. The rate of glucose absorption from a solution con- 
taining initially 0-5 °%% (w/v) was 2-54 mg/cm/hr in the first 30 min but only 
1-18 mg/em/hr in the second 30min (Fisher & Parsons, 1953). With 
starch hydrolysate the corresponding rates were 2-70 mg/em/hr and 
1-54 mg/cm/hr (Table 3). The rates of appearance of glucose in the serosal 
fluid with perfused glucose (Fisher & Parsons, 1953) were 1-16 mg/cm/hr 
for the first 30 min and only 0-10 mg/cm/hr for the last 30 min. With starch 
hydrolysate the corresponding rates were 0-68 mg/em/hr and 1-32 mg/ 
em/hr (Table 3). With starch hydrolysate, therefore, an apparent time lag 
was observed before the maximum rate of appearance of glucose in the 
serosal fluid was attained. 

From these differences in the coulis of glucose and starch hydrolysate 
perfusions there is definite evidence for the direct absorption of maltose, — 
maltotriose or the higher oligosaccharides of starch hydrolysate from the 
lumen of the rat small intestine. When the comparisons between glucose 
and starch hydrolysate are made in terms of the glucose equivalent, the 
initial concentration of starch hydrolysate becomes 0-53°% (w/v). On 
average the rates of disappearance of starch hydrolysate from the lumen 
are 8-9 % greater when thus expressed than when expressed as weights of 
total carbohydrate. The mean rate of disappearance of 0-53 % (w/v) starch 
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hydrolysate then becomes 2:15 + 0-05 mg/cm/hr, which is 19 % greater in 
terms of glucose equivalent than the rate of disappearance from 0-5 % (w/v) 
glucose (Table 1). From the kind of relation known to exist between 
glucose concentration and rate of absorption (Fisher & Parsons, 1953) the 
19% difference in rate could not result solely from the 6 °%, difference in 
concentrations. The differences described above between the rates of 
absorption of starch hydrolysate and glucose in the first and second half 
hours are similarly accentuated by conversion to glucose equivalent. 

Additional evidence for the absorption of higher saccharides was pro- 
vided by the results of the perfusions with sucrose. Sucrose, although only 
partially inverted during the perfusion, was removed from the lumen faster 
than fructose, and the rate of appearance of fructose on the serosal side 
was higher with sucrose in the lumen than with fructose alone. Sucrose 
must therefore be absorbed as such by the mucosa with subsequent break- 
down to glucose and fructose in the intestinal wall. Somewhat similar 
evidence for the absorption of sucrose in the guinea-pig was presented by 
Fridhandler & Quastel (1955). These authors, using much higher sucrose 
concentrations than in the present experiments, were able to demonstrate 
the presence of unchanged sucrose on the serosal side. In the present 
experiments radioactive sucrose was not found on the serosal side and only 
traces were detected in the alcoholic extract of the intestine. 

Fructose absorption follows different pathways in the rat and guinea-pig. 
In the former species fructose was absorbed at a higher rate than the 
published rate for sorbose (Cori, 1925; Darlington & Quastel, 1953), which 
was considered to be absorbed by passive diffusion. In the guinea-pig 
partial epimerization to glucose was observed, confirming the results of 
Darlington & Quastel (1953). Ginsberg & Hers (1959) have put forward a 
hypothesis for this species difference, based on the presence or absence of 
glucose-6-phosphatase activity in the mucosa. It is of interest that some 
water transport was observed across the intestinal wall.during fructose 
absorption. Although the rate of water transport was much lower here 
than during glucose perfusion, it is evident that this water transport is not 
specifically linked with glucose absorption in the rat small intestine. _ 

Only trace amounts of alanine and insoluble material were formed from 
the sugars, and the lactate produced by utilization of the sugars during 
absorption formed only 15~25 % of the total sugar disappearing from the 
lumen. The distribution of this lactate was found to vary according to the 
amount of water transport associated with the absorptive process. 


SUMMARY 


1. The absorption from the isolated rat small intestine of sucrose, a 


starch hydrolysate similar to liquid glucose B.P. Codex 1959, glucose and 
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fructose was studied by means of a quantitative radioactive paper- 
chromatographic technique. 

2. From the observed rates of absorption of starch hydrolysate and the 
published results for glucose absorption it was concluded that something 
other than glucose was absorbed during perfusion with starch hydrolysate, 


and that this substance (maltose, maltotriose or a higher saccharide) was 


able to supply the needs of the intestinal wall for glucose. 

3. Only glucose appeared on the serosal side after starch hydrolysate 
perfusion. Sucrose was partially inverted during absorption and both 
glucose and fructose appeared on the serosal side. 

4. The perfusions with sucrose led to a higher concentration of fructose 
on the serosal side than after perfusions with fructose. It was concluded 
that sucrose was being absorbed as such by the mucosa, with subsequent 
break-down to glucose and fructose in the intestinal wall. 

5. The rates of disappearance from the lumen of starch hydrolysate 
and glucose were about twice those of sucrose and fructose. The rate of 
appearance of sugar on the serosal side after perfusion with starch hydro- 
lysate or glucose was twice that of sucrose and nearly ten times that of 
fructose. 


6. No conversion of fructose to glucose was observed in perfusion of. 


the rat small intestine with fructose, whereas in the guinea-pig consider- 
able conversion occurred. 

7. All sugars examined were converted to inalite during the absorption 
process to the extent of 15-25% of the total sugar disappearing from the 
lumen. Traces of alanine were found in the intestinal wall together with 
small amounts of radioactive insoluble material. 


The authors are indebted to.Professor R. B. Fisher for helpful discussions and to Mr D. F. 
Broadbridge for advice on the preparation of tobacco leaf starch hydrolysate similar to 
liquid glucose B.P. Codex 1959. They gratefully acknowledge the skilled technical assistance 
of Mrs Brenda Mansford and the work of Mr P. F. Langley and Dr H. D. C. Rapson of 
Beecham Research Laboratories Ltd. on the preparation of the ™C-tobacco leaf starch. 
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ON THE PERMEABILITY OF END-PLATE MEMBRANE 
DURING THE ACTION OF TRANSMITTER 
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Movements of specific ions in excitable tissues have been emphasized by 
a number of recent experiments. In particular, there have been many 
quantitative experiments which show that the rising phase of the nerve 
impulse in invertebrate giant axons is associated with an inflow of sodium 
and the falling phase with an outflow of potassium (Hodgkin, Huxley 
& Katz, 1952; Hodgkin & Huxley, 1952) and similar selective permeability 
changes have been observed accompanying the propagated action potential 
in muscle fibres and in myelinated nerve fibres (Dodge & Frankenhaeuser, 
1959; Hodgkin & Horowicz, 1959a). 

In addition, the inhibitory potentials observed in some nerve cells 
(Coombs, Eccles & Fatt, 1955; Edwards & Hagiwara, 1959), heart muscle 


fibres (Burgen & Terroux, 1953; Hutter & Trautwein, 1956; Trautwein & © 


Dudel, 1958), and crustacean muscle (Fatt & Katz, 1953; Boistel & Fatt, 
1958) have been shown to be produced by changes in permeability of the 
post-synaptic membrane to potassium and/or chloride ions. 

On the other hand, it has been considered that at the end-plate the 
transmitter produces a rapid simultaneous transfer of sodium and potas- 
sium, and possibly also of all other free ions on either side of the membrane 
(Fatt & Katz, 1951; del Castillo & Katz, 1954, 1955, 1956). An approxi- 
_ mately linear relationship has been observed between the amplitude of the 
end-plate potential (e.p.p.) and the membrane potential, the equilibrium 
potential being about —15 mV (Fatt & Katz, 1951). A similar relationship 
has also been observed in the amplitude of end-plate current (e.p.c.) 
_ obtained when the membrane was clamped at a constant potential during 
neuromuscular transmission (Takeuchi & Takeuchi, 1959). The membrane 
potential at which e.p.c. becomes zero may be called provisionally ‘e.p.c. 
equilibrium potential’. In the present experiment, the e.p.c. equilibrium 
potential was measured in solutions of various ionic composition and the 
ions which contributed to the e.p.c. were determined. It will be shown 


* Fellow of Rockefeller Foundation. 


4 
tha 
A 
t 
‘he 
«> 
3 
ht 
q 
4 
4 
| 
‘ 
4 
3 a 
2 
4 
fee 


PERMEABILITY OF END-PLATE MEMBRANE 53 


that during the action of transmitter the end-plate becomes permeable 
mainly to sodium and potassium ions, but probably not to chloride ions. 


METHODS 


The sartorius muscle was dissected with the sciatic nerve from winter frogs (Rana pipiens) — 
and mounted in a chamber made of methacrylate resin (lucite). The nerve was introduced 
into a wet chamber and stimuli were applied by a pair of silver electrodes. The capacity of 

.the muscle chamber was about 4 ml. When the ionic composition was changed, at least 20 ml. 
of solution was exchanged by a different solution and the preparation was usually left for 
10 min in each solution before measurements were made, except in chloride-deficient 
solution. When pot deficient solution was used, the fluid was kept flowing during the 
experiment. 

The voltage clamp technique was similar to that previously reported (Takeuchi & 
Takeuchi, 1959), although a slightly modified amplifier for current recording was used. In 
order to change the clamped membrane potential, a square voltage pulse of about 15 msec 
duration was applied to the middle stage of the negative feed-back amplifier. A relatively 
short pulse for changing membrane potential has the advantage of avoiding a possible 
change in potassium concentration in nearby muscle fibres, which would occur if long pulses 
or d.c, had been used (Takeuchi & Takeuchi, unpublished). However, the short pulse has 
the disadvantage that when electrodes were inserted somewhat away from the end-plate, 
the measured ¢e.p.c, equilibrium potential would tend to assume a lower value than that 

_ obtained with longer pulses. 

Intracellular electrodes filled with 3mM-KCl were used for recording potential changes and, — 
in most cases, for passing current. In some cases, especially when chloride concentration was 
changed, 0-6m potassium-sulphate- or 1-5m sodium-citrate-filled electrodes were used for 
current electrodes. In experiments employing electrophoretic injection of sodium ions into 
muscle fibres, electrodes filled with 3m-NaCl or 1-5m sodium citrate were used for passing 
current. 

Electrodes were inserted under microscopic control and the end-plate was located exactly 
by inserting the electrode at several points along the length of muscle fibre. In order to 
ensure accurate localization of the clectrodes at the end-plate, two criteria were used: 
(1) the e.p.p. had to show maximal amplitude and shortest rise time at the site of electrode 
impalement, and (2) the e.p.c.-membrane-potential relationship had to intercept the voltage 
axis at —10 to —20 mV. If the electrodes were slightly away from an end-plate focus, the 
measured e.p.c. equilibrium potential tended to approach zero, Generally the current-passing 
electrode was left in the fibre during the entire experimental series in order to maintain this 
localization. The recording electrode could then be withdrawn during changing of solutions. 

The membrane potential of muscle may be defined as the difference between potentials 
recorded at points just outside the muscle membrane and inside the membrane. The tip 

_ potential may change in different ionic composition, and this might influence the value of 
the resting potentials measured in various solutions. Relatively low-resistance KCl-filled 
electrodes were used for potential recording and this served to minimize the change in tip 
potential in different media (Adrian, 1956). Before and after each series of experiments 
_ the recording electrode was withdrawn and the resting potential and the drift of recording 
system checked. The resting potential tended usually to decrease with time, but during the 
experiment the membrane potential was clamped within +1 mV of the previously deter- 
mined value. 

The normal Ringer’s solution used had the following ionic composition (mM): Nat 113-6; 
K+2-5; Ca®+ 2-0; Cl- 117-5; HPO?- 1:1; H,PO,- 0-4. In addition, tubocurarine chloride 
(3 x 10-* g/ml.) was added to block neuromuscular transmission. Sodium -deficient solutions 
were obtained by mixing normal Ringer’s solution and isotonic sucrose or dextrose solution 
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containing the same concentrations of K+, Ca*+ and phosphate buffer as normal solution. 
Sodium-rich solutions were made by adding crystalline NaCl. In lower concentrations of 
sodium (lessthan about 35 mm) neuromuscular transmission was blocked, so that tubocurarine 
was omitted. Solutions with sodium concentration less than 20 mm were not used, because 
at room temperature conduction block of the nerve frequently occurred in these solutions. 

The concentration of potassium ions was altered by replacing sodium chloride by potassium 
sulphate, concentrations of other ions being kept constant. When the concentration of potas- 
sium ion in Ringer’s solution was increased more than about 8 mM, neuromuscular trans- 
mission was frequently blocked, probably owing to conduction block at nerve branches. In 
lower concentrations an increase in concentration of potassium ions caused an increase in 
quantum content (Takeuchi & Takeuchi, unpublished) and the concentration of tubo- 
curarine was increased to block the neuromuscular transmission. 

In order to reduce the concentration of chloride, sodium chloride in Ringer’s solution was 
substituted by sodium glutamate. In glutamate Ringer’s solution containing 2 mM calcium 
chloride the muscle fibre had a tendency to contract spontaneously and the amplitude of 
the e.p.c. showed a large variation. At the time the solution was changed from normal 
Ringer’s solution to glutamate solution contraction occurred frequently, damaging the 
muscle fibre impaled by the current electrode, This contraction may be due in part to the 
decrease in resting potential caused by the sudden decrease in chloride ions in outside solu- 
tion (Hodgkin & Horowicz, 19596), and partly may be due to the decrease in concentration 
of calcium ion (Fatt & Ginsborg, unpublished observation cited in Boistel & Fatt, 1958). 
In the present experiments with glutamate Ringer’s solution calcium chloride was increased 
to 5 mm to avoid these disadvantages. Thus glutamate solution contained 10 mm-Cl-. 

Experiments were done at room temperature (18—23° C). 


RESULTS 
_Curarization 
When the muscle end-plate membrane, soaked in normal Ringer’s 
solution containing about 3 x 10~* g/ml. tubocurarine, was clamped at the 
resting potential by a negative feed-back system, a stimulus applied to the 
nerve produced an inward current. When a square voltage was applied to 
the feed-back amplifier, the membrane potential at the point where the 
electrodes were inserted was suddenly changed to a new level. After a 
rapid transient current due to charging of the capacitive component of 


_ nearby muscle membrane, a residual current flowed through the current 


electrode, charging the membrane somewhat more remote from the elec- 
trode, By changing the amplitude of the applied voltage pulse the mem- 
brane potential at the end-plate could be clamped at various potential 
levels. A stimulus applied to the nerve produced an e.p.c. superimposed on 
the residual current. Figure 1 shows these currents obtained from a cura- 
rized end-plate in normal Ringer’s solution. The amplitude of the e.p.c. 
varied with the value of the clamped membrane potential, the e.p.c.— 
membrane-potential line crossing the abscissa at about 10-20 mV (inside 
negative). When the movement artifact was reduced by decreasing the con- 
centration of sodium in the Ringer’s solution, the linearity held until after 
the sign of the e.p.c. was reversed by depolarizing the membrane. 
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It is known that curarine changes the sensitivity of the end-plate to 
transmitter. The relation between e.p.c. height and membrane potential 
obtained from the same end-plate in two different concentrations of tubo- 
curarine is shown in Fig. 2. The slopes of the two lines were different, but the 
points at which the lines cross the abscissa were almost the same. Since 
the slope of the line represents the conductance change at the peak of e.p.c., 
this result shows that tubocurarine decreased the magnitude of the con- 
ductance change produced by transmitter, but had little or no influence on 
9 other factors which determine the e.p.c. equilibrium potential. From this 


Amplitude of end-plate current (1077 A) 


0 50 100 


Clamped membrane potential (mV) 
Fig. 1 Fig. 2 
| Fig. 1. End-plate currents and clamped membrane potentials recorded from a 


curarized end-plate in normal Ringer’s solution. Upper traces represent clamped 
membrane potentials and lower traces feed-back currents containing the end-plate 
currents. In A asquare pulse was applied to the feed-back system to depolarize the 
end-plate membrane. B, end-plate current obtained when the membrane was 
clamped at the resting potential (85 mV). In C, D and H the membrane potential 
was hyperpolarized to various values. The end-plate currents are superimposed 

on the current which maintains the membrane potential at various levels. Upper 
: bar, 1 x 10-7A; lower bar, 10 mV. Time marker, 2 msec. Temperature 20° C. 


Fig. 2. Relationship between amplitude of e.p.c. and membrane potential in 
different concentrations of tubocurarine. Open circles were obtained from an end- 
plate in 3x 10-* g tubocurarine/ml. and filled circles are from same end-plate in 
4x g tubocurarine/ml. 
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result it may be said that when the ionic composition of Ringer’s solution 
was changed, adequate concentration of tubocurarine to block the neuro- 
muscular transmission could be used without influence on the e.p.c. 
equilibrium potential. 
Sodium tons 

It has been shown that when sodium concentration in Ringer’s solution 
was decreased, the amplitude of e.p.p. was reduced (Fatt & Katz, 1952), 
and when the NaCl in Ringer’s solution was totally replaced by sucrose, 
the potential change produced by electrophoretic application of ACh at the 
end-plate reversed its sign at about —60 mV (del Castillo & Katz, 1955). 
These findings suggest that sodium ions play an important role in the con- 
ductance change produced at the end-plate by the transmitter. In the 
present experiments the relationship between amplitude of e.p.c. and 
membrane potential was investigated with various concentrations of 
sodium ions in Ringer’s solution, and differences in the e.p.c. equilibrium 
potential were estimated by extrapolation. After measurements were done 
with the end-plate in normal bathing fluid, the potential recording electrode 
was withdrawn from the muscle fibre to check the resting potential. The 
current electrode was kept in the muscle fibre to identify the end-plate. 
Then the solution was changed, and the recording electrode was inserted 
again at the same end-plate and another set of measurements made. When 
the recording electrode was inserted immediately after changing to a 
sodium-deficient sucrose solution, the resting potential was 10-20 mV 
lower than that in normal Ringer’s solution (Giebisch, Kraupp, Pillat & 
Stormann, 1957). This may be due to the decrease in concentration of 
external chloride (Hodgkin & Horowicz, 1959b). When the preparation was 
soaked more than 10 min the resting potential returned to the original 
value, although in some cases the recovery was not complete. Figure 3 
presents an example in which the open circles were obtained from 
curarized end-plate in normal Ringer’s solution (Nat 113-6 mm), and filled 
circles were from low-NaCl Ringer’s solution (Nat 33-6 mm). The e.p.c. _ 
equilibrium potentials obtained on extrapolation are separated by about — 
17 mV. It will be shown that chloride ions had little or no effect on the 
e.p.c. equilibrium potential. Therefore, since potassium and calcium con- 
centrations in the bathing solution were kept constant, the shift of e.p.c. 
equilibrium potential should be attributed to the change in concentration 
of sodium ions. The e.p.c. equilibrium potentials obtained.in various sodium 
concentrations are presented in Fig. 4. Although variations of the e.p.c. 
. equilibrium potential are rather great, there is a definite tendency for the 

e.p.c. equilibrium potential to increase in sodium-deficient solutions. 

When an outward current flows from a NaC!I-filled electrode, outflow of 

Na+ from the electrode will increase whereas that of Cl- will decrease 
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Membrane potential (mV) 
Fig. 3. Relationship between amplitude of e.p.c. and membrane potential obtained 
from an end-plate in two different concentrations of sodium ion in outside solution. 
Open circles obtained in normal Ringer’s solution (113-6 mm-Na*) and filled circles 
in dextrose Ringer’s solution containing 33-6 mm-Nat. 


e.p.c. equilibrium potential (mV) 


10F 
10 20 30 50 100 150 200 


Na* concentration (mM) 
Fig. 4. E.p.c. equilibrium potential plotted against sodium concentration in ont- 
side solution on semilogarithmic scale (mean + standard deviation about the méan). 
The line is drawn according to (1/2-29) {99+ 1:29 x 58 logy) (15°5/Na)} mV. 
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relative to the diffusion of these ions from the electrode in the absence of 
current. The transfer number of Na*+ through the electrode is not clear, but 
if it is taken as nearly unity, as suggested by Coombs ef al. (1955), 1 x 10-° A 
of outward current corresponds to 0-1 pequiv/sec of sodium ions. The resting 
muscle membrane has a relatively low permeability to sodium ions and out- 
ward current through the muscle membrane is probably mostly carried by 
inward-moving chloride ions and outward-moving potassium ions. Thus, 
sodium ions accumulate within the muscle fibre after a period of outward 
current passage. The amount of sodium ions accumulating at a point along 
the muscle fibre should be a function of the total charge. 

The change in sodium concentration near the current electrode tip can 
be calculated as follows. The spreading of sodium ion away from the point 
where it is injected would be mainly due to diffusion, and the contribution 
of electrophoretic spread may be neglected. Then the rise in Na concentra- 
tion after the cessation of the injection at the point where it is injected can 


be obtained from diffusion equation and by superposition theorem. When — 


5x10-* A is passed outward through the muscle membrane for 7 min, 
210 pequiv of Na ions may be injected. The rise in Na concentration, 100 
sec after the cessation of the current, would be 14-5 mM, assuming a fibre 
diameter of 100 and a diffusion constant of 10-5 cm?/sec. This change in 
internal concentration of Na ions might shift the e.p.c. equilibrium potential 


‘by 9:4 mV (see Discussion). At the same time the inside concentration of 


potassium ions may be decreased and that of chloride ions increased to 
maintain electrical neutrality. 

The effect of the electrophoretic injection of sodium ions into the muscle 
fibre on the relationship between e.p.c. and membrane potential was in- 
vestigated with preparations soaked in low-sodium solution. While the 


‘outward current from the NaCl electrode was passed into the muscle fibre, 


the membrane around the electrode was depolarized and the depolariza- 
tion tended to increase with time. Immediately after the cessation of the 
current that part of the depolarization associated with the potential drop 
across the membrane resistance decreased rapidly, and this was followed 


by slow progressive recovery of the resting potential. The decrease in | 


resting potential after the cessation of outward current may be mostly due 
to the increase in the inside concentration of chloride ion and partly due to 
the decrease in potassium ion concentration. The recovery of the resting 
potential was incomplete within 5 min after termination of the current. 
The measurements of e.p.c. equilibrium potential were done usually 1-2 min 
after the cessation of the current. Examples from two different end-plates 
are presented in Fig. 5. The filled circles represent the e.p.c._membrane- 
potential relation before passing current and the open circles after passing 
current (A, 5x 10-* A for 7 min; B, 4-7 x 10-* A for 11 min). After passing 
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Ordinate of e.p.c. (1077 A) 


_ Amplitude of e.p.c. (1077 A) 


50 100 


Membrane potential (mV) 
‘ 7 | 


Fig. 5. Effect of sodium injection into muscle fibre at end-plate on the e.p.c.-mem- 
brane-potential relation obtained from two different end-plates soaked in Na- 
| | deficient Ringer’s solution. External Na concentration was 33-6 mM. Filled circles 

are obtained from end-plates before injection. Open circles in A are obtained after 
| _ electrophoretical injection of sodium ion 5 x 10-* A for 7 min into muscle fibre, and 
: those in B are obtained after injection of 4-7 x 10-* A for 11 min. 
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current the e.p.c_membrane-potential line was displaced slightly to the 
right, without appreciable change in the slope of the line. This shift may be 


‘attributed to an increase in the inside concentration of sodium, since when 


outward current was passed from the KC\l-filled electrode, the shift in 
e.p.c. equilibrium potential could not be detected. 


10 


Amplitude of e.p.c. (1077 A) 


0 50 100 
Membrane potential (mV) 


Fig. 6. Effect of potassium concentration on e.p.c._membrane-potential relation 
obtained at end-plate. Filled circles obtained in 0-5 mm-K+ Ringer’s solution. 
Open circles obtained after soaking in 4-5 mm-K+ solution, and crosses obtained 
after return to 0-5 mm-K* solution. 


Potassium ions 


‘The e.p.c._membrane-potential relation was measured with various 
potassium concentrations in the range of 0-25-6-8 mm. When the concen- 
tration of potassium ions was changed the resting potential and membrane 
resistance were altered. The change in the membrane resistance, how- 
ever, had no influence on the e.p.c. under the voltage clamp condition. In 
Fig. 6 an example is shown in which filled circles represent the relation 
obtained from an end-plate in low-potassium (0-5 mm) medium, open . 
circles that obtained from the same end-plate in potassium-rich (4-5 mM) 
medium and crosses that obtained from the same end-plate after returning 
to low potassium. In this case the e.p.c. equilibrium potential shifted about 
28 mV. When the solution was returned to 0-5 mm potassium, the e.p.c. 
equilibrium potential agreed closely with the initial value. The e.p.c. equi- 
librium potentials obtained in various potassium concentrations are pre- 
sented in Fig. 7. 
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Chloride ions 

In order to investigate whether chloride plays some role in the produc- 
tion of e.p.c,, chloride was replaced by glutamate, which is probably too 
large to pass through the membrane, and the e.p.c. equilibrium potential 
was measured. The resting potential was initially reduced, but recovered 
gradually to the original value. This decrease in resting potential in low- 
chloride solutions may be due to the decrease in chloride equilibrium 
potential and the recovery of the resting potential may be due to restora- 
tion of the chloride equilibrium potential as the chloride concentration in 


mV) 


= 


e.p.c. equilibrium potential ( 


K* concentration (mM) 


Fig. 7. E.p.c. equilibrium potential plotted against potassium concentration in out- 
side solution on semilogarithmic scale (mean +s.pD:). The line is drawn according 
to (1/2-29) {58log,, (126/K,) — 1-29 x 50} mV. 


the muscle fibre decreases. After the muscle is equilibrated with low- 
chloride solution, and then ‘returned to normal solution, the chloride 
potential suddenly increases and the resting potential is intermediate 
between the chloride and potassium potentials. The resting potential then 


' returns to its normal value, as the chloride concentration in the muscle 


fibre increases (Hodgkin & Horowicz, 1959b). In Fig. 8 A filled circles — 
represent the relationship in normal solution, while open circles and crosses 
represent points obtained from the same end-plate 2-3 min and 15 min, 
respectively, after soaking in glutamate solution. When the outside solution 
was replaced by glutamate solution the resting potential decreased from 90 
to 77 mV, followed by recovery to the original value (86 mV) in about 
10 min, indicating a change in the chloride potential; however all lines of 
the e.p.c._membrane-potential relation cross the abscissa at about the 
same point. Similar results were obtained in the muscle equilibrated with 
low-chloride solution: Open circles in Fig. 8B represent the relationship 
obtained from an end-plate soaked in glutamate solution for about 30 min, 
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filled circles are those obtained from the same end-plate 2-3 min after 
returning to normal solution and crosses are those 10 min after returning to 
normal solution. In this case the resting potential was increased from 69 
’ to 86 mV by bringing the preparation back to normal solution and re- 
turned to 77 mV in 10 min, but little or no change in the e.p.c. equilibrium 
potential was observed. These results suggest that chloride ions contribute 


Amplitude of e.p.c. (1077 A) 


20r 8B 
oA 
< 
2 
10F 
Fe} 
05+ 
0 1 0 | 
0 50 100 150 0 50 100 
Membrane potential (mV) Membrane potential (mV) 
Fig. 8. Effect of chloride concentration on e.p.c._membrane-potential relation. 


A, filled circles obtained in normal Ringer’s solution, open circles show potential 
after soaking in glutamate Ringer’s solution 2-3 min, and crosses after soaking in 
glutamate solution for 15 min. B, open circles obtained from an end-plate equili- 
brated in glutamate solution, filled circles 2-3 min after bathing in normal solution, 
crosses 10 min after addition of normal solution. When using glutamate, the con- 
centration of tubocurarine was reduced to $ or } of that in the chloride Ringer, and 
the calcium concentration increased to 5 mm. 


much less to the production of the e.p.c. than do sodium and potassium 
ions. When chloride ion was replaced by nitrate or sulphate ion, similar 
results were obtained, i.e. varying the concentrations of these anions had 
no effect on the e.p.c. equilibrium potential. 


DISCUSSION 

The potential at which the e.p.c—membrane-potential line crosses the 
membrane potential axis is the potential at which the ionic fluxes caused 
by the transmitter convey no net charge across the membrane. In norma! 
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Ringer’s solution this membrane potential was about 15 mV (inside nega- 
tive). Possible mechanisms of this phenomenon are as follows (del Castillo 
& Katz, 1956; Katz, 1958): (a) the transmitter causes the end-plate mem- 
brane to develop a non-selective permeability to free ions on both sides of 
membrane and there remains the junctional potential between physio- 
logical solution and myoplasm (Fatt & Katz, 1951; del Castillo & Katz, 
1954), (b) the membrane betomes permeable to more than one ion species, 
e.g. sodium and potassium or sodium and chloride (del Castillo & Katz, 
1954) or sodium, potassium, chloride and probably calcium (Nastuk, 1959) 
and the sum of the ionic fluxes across the membrane becomes zero at 
—15 mV. In the present experiments the contribution of sodium, potas- 
sium and chloride ions to the e.p.c. was tested. The method adopted was to — 
estimate the e.p.c. equilibrium potential by extrapolating the linear re- 
lation between e.p.c. amplitude and membrane potential in various 
solutions. Although this method may have rather large errors because of 
the extrapolation, a shift of the e.p.c. equilibrium potential could be 
obtained when the outside concentration of sodium or of potassium was 
changed. In contrast, no appreciable change could be detected when 
chloride was replaced by glutamate. When the muscle was soaked in gluta- 
mate solution for a long period, the resting potential tended to increase. 
Although this may suggest that glutamate has some influence on the mem- 
brane, e.g. the accumulation of potassium in the cell (Krebs & Eggleston, 
1949; Davies & Krebs, 1952), immediately after soaking the preparation in 
glutamate solution the resting potential decreased, followed by gradual 
recovery. Thus, immediately after its application, glutamate may be con- 
sidered as an inert substitute for chloride. In crustacean muscle it is known | 
that glutamate elicits muscle contraction (van Harreveld, 1959) and has a 
specific action on the muscle membrane at the neuromuscular junction, 
causing at first depolarization and then desensitization of the membrane 
to transmitter (van Harreveld & Mendelson, 1959). In frog muscle, how- 
ever, glutamate had no excitatory action in concentrations as low as that 
used in crustacean muscle, and the contraction which did occur when most 
of chloride was substituted by glutamate may be explained by a decrease 
in chloride equilibrium potential and in calcium concentration. If gluta- 
mate neither changes the permeability of the end-plate membrane to other 
ions nor passes through the end-plate membrane during the action of the 


_ transmitter (as is postulated in inhibitory synapses, cf. Shanes (1958)), the ~ 


present results indicate that as a first approximation the transmitter in- 
creases the permeability of the end-plate membrane to sodium and potas- 
sium ions but not to chloride ion. There may be other ions to which the 
end-plate becomes permeable during the action of transmitter, e.g. there is 
some evidence that, at least in special conditions, permeability of end-plate 
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membrane to calcium may be increased by action of ACh (Takeuchi & 
Takeuchi, unpublished). However, in physiological conditions the e.p.c. 
may be composed of sodium and potassium fluxes and other ions may play 
only a small role in producing the e.p.c. 

The electrical behaviour of the end-plate membrane may be represented 
approximately by the network shown in Fig. 9. Current can be carried 
through the membrane by movement of ions through the resistances in the 
end-plate. The ionic current is divided into components carried by sodium 
and potassium ions. In a previous report (Takeuchi & Takeuchi, 1959) the 
electrical behaviour of the end-plate membrane was represented by a series 


Fig. 9.. Electrical diagram of end-plate membrane. For explanation see text. 


resistance A(t) and an e.m.f. H where R(t) is a function of time and E is a 
constant voltage independent of time. Comparing this scheme with that 
presented in the present report, from the condition that H is independent 
of time it can be derived that the time course of the changes of resistance in 
the sodium and potassium channels is the same as that of R(t), i.e. although 
the resistances in the sodium and potassium channels varied, the ratio of 
the resistances remains constant. 

The results in the present experiments were obtained in the condition 
that. dV/dt = 0 during the action of transmitter, where V is membrane 
potential. Thus the change in the characteristics of the membrane away 
from the end-plate and the contribution of the membrane capacity may be 
neglected, since only the change in the end-plate membrane contributes to 
the change in current. The current carried by potassium and sodium may 
be simply represented by a conductance and a driving force in each channel. 
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When the transmitter arrived at the end-plate, the conductances of the 
sodium and potassium channels increased from their resting values, g°., 
and gy , giving rise to the e.p.c. Thus the e.p.c. may be represented by the 
following equations : | | 


Lope. = Agna(V 
Agna 
Age = 


where Vyx,-and Vz are equilibrium potential for sodium and potassium, 
respectively. On rearrangement 


Ve + Vrs 


(Agx, + Ag) corresponds to 1/R(t) of previous notation and 


Ag Agna\* 
Vg ) (1+ 52) 
(Fi Agx Agx 


is e.p.c. equilibrium potential. If the e.p.c. equilibrium potential in normal 
Ringer’s solution is assumed to be —15 mV and Vy and Vy, are taken as 
—99 and +50 mV, respectively (assuming internal concentration of potas- 
sium and sodium ions as 126 and 15-5 mM, respectively, from the data of 


Boyle & Conway (1941)), Agy,/Ag, is 1-29. 


If eqn. 2 represents the characteristics of the end-plate response to the 
transmitter, the equation should predict the changes in e.p.c. equilibrium 
potential in various ionic conditions. In Figs. 4 and 7 lines are drawn 
according to the eqn. 2, assuming the ratio Ag,,,/Ag, and the internal con- 
centrations of potassium and sodium are unchanged by altering the external 
concentrations. Although the experimental data have rather large varia- 
tions, the observed values agree roughly with the predicted lines. Possible 
changes in inside concentrations of ions were minimized by soaking the 
preparation in test solutions for rather short periods (usually 10—20 min). 
Although the inside concentrations of sodium and potassium were taken 
from the data of Boyle & Conway (1941) and it is uncertain whether the 
values are applicable to the present conditions, the coincidence of the values 
obtained experimentally with those obtained from eqn. 2 support the above 
assumption. The assumption indicates that at the membrane potential 
where V = Vx, e.p.c. may be composed of inward sodium current, at a 
membrane potential KW, > V > Ve e.p.c. may be made of inward 
sodium and outward potassium fluxes, and at the e.p.c. equilibrium potential 
the sodium and potassium currents are equal and opposite in direction. . 

If the transmitter opens new channels to sodium and potassium which 


are closed in the absence of the transmitter, the e.p.c. equilibrium potential 
5 PHYSIO. OLIV 


wig 
} 
“ONS 
> 
} 
J 
iy 
& 
a 
ae 


66 A. TAKEUCHI AND N. TAKEUCHI 


is the potential at which net current through the end-plate is zero. The 
equation of Goldman (1943), which has been successfully applied to the 
resting potential (Hodgkin, 1951; Jenerick, 1953) might be applied to the 
calculation of the e.p.c. equilibrium potential. But this equation could not 
describe the shift of e.p.c. equilibrium potential in various ionic conditions, — 
if Py,/Px was taken as constant. This may suggest that e.p.c. equilibrium 
potential does not satisfy the conditions for which the equation was 
derived. 

In conclusion it. may be said from the present results that the charac- 
teristics of the conductance change produced by transmitter at the end- 
plate membrane are (1) the sodium and potassium conductances increase, 
with the ratio Ag,,/Ag, constant, (2) the amount of the conductance 
change is independent of the membrane potential, and (3) curarine changes 
the conductance (Agx,, + Ag), keeping the ratio Agy,,/Agg constant. 


SUMMARY 


The relationship between the amplitude of end-plate current (e.p.c.) and 
the membrane potential was investigated under various ionic conditions. 

1. In normal Ringer’s solution when the e.p.c._membrane-potential 
line was extrapolated, the line cut the voltage axis at the point 10-20 mV 
(inside negative). This point (e.p.c. equilibrium potential) was not changed 
by altering the curarine concentration. 

2. Insodium-deficient solution e.p.c. equilibrium potential became more 
negative. 

3. In potassium-deficient solution the e.p.c. equilibrium potential 
became more negative. 

4. When chloride was replaced by glutamate, no appreciable change in 
e.p.c. equilibrium potential could be detected, although the resting poten- 
tial was changed. 

5. It may be concluded that, as a first approximation, the transmitter 


makes the end-plate more permeable to sodium and potassium, but not to 
chloride. 


We wish to express our sincere thanks to Drs C. C. Hunt, A. R. Martin, and C. Edwards 
for their constant advice and criticism. 
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MONOSYNAPTIC EXCITATORY ACTION ON MOTONEURONES 
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There have been many attempts to discover if the transformation of 
reflex function by tendon transposition or by nerve cross-union effects any 
change in the simplest reflex pathways. A comprehensive and critical 
review of the literature led Sperry (1945) to conclude that there was little, 
if any, acceptable evidence that such a ‘plastic’ change occurred in 
mammals, even when very young, a conclusion supported by more recent 
investigations (Sperry, 1947; McIntyre & Robinson, 1958). 


In contrast, there are many accounts of remarkable plastic changes in 


reflex phenomena following various operative procedures, including nerve 
cross-union, on teleosts and larval amphibians. These experimental 
investigations have generally been concerned with complex reactions such 
as movements of whole limbs (Sperry, 1950; Sperry & Deupree, 1956) or 
of the jaw (Arora & Sperry, 1957), and not with the contractions of isolated 
muscles. Under such conditions unrecognized feed-back mechanisms are 
likely to distort the responses and greatly to complicate their interpreta- 
tion. Moreover, such movements merely signal the net result of the 
contractions of the antagonistic muscles controlling movement at each 
joint; hence it is hazardous to use such observations in establishing that 
there have been changes in the synaptic connexions on to individual 
nerve cells. Nevertheless, these investigations form a striking contrast to 
comparable mammalian experiments and suggest that the central nervous 
systems of teleosts and larval amphibians have well developea plastic 
properties. The experiments on mammals have given no indication of such 
plastic changes in the central nervous system (Sperry, 1941, 1942, 1945, 
1947; McIntyre & Robinson, 1958); and it has been suggested by Sperry 
that embryonic mammals may have a comparable plasticity, which is 
already lost about the time of birth. 

Hitherto there has been no investigation of the possibility of plastic 
modification of monosynaptic pathways from primary afferent fibres to 
motoneurones, which are now particularly well suited to quantitative 
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evaluation. A fairly precise measure of the monosynaptic activation of 
a motoneurone is provided by the size of the excitatory post-synaptic 
potential (EPSP) as recorded by an intracellular micro-electrode. In this 
way it has been possible to define the pattern of monosynaptic activation 
for over a thousand motoneurones supplying the hind limb and forelimb 
muscles of the cat (Eccles, Eccles & Lundberg, 1957b; R. M. Eccles & 
Lundberg, 1958). With rare exceptions, it has been found that the mono- 
synaptic activation from the afferent fibres (Group Ia) of any particular 


muscle operating at the knee or ankle joints is restricted to the moto- 


neurones concerned in the movements subserved by that muscle, i.e. to 
the motoneurones of that muscle and of synergic muscles. A systematic 
investigation of the monosynaptic EPSPs thus provides the most delicate 
possible test for any. change in central pathways that might result from an 
inversion of motoneurone function consequent on nerve cross-union. For | 
example, if the function of a motoneurone normally innervating a pre- 
tibial muscle is changed by the regeneration of its axon to an ankle extensor 
muscle, intracellular recording from this motoneurone would be able to 
detect very small developments of monosynaptic innervation from me 
afferent fibres of other ankle extensor muscles. 


METHODS 
Factors in the design of the experiment 

Several factors have to be taken into account in choosing muscle nerves for the cross-union 
operation (cf. Fig. 1 A): (1) the two nerves N, and N, must be so placed that the cross-union 
operation is anatomically possible and they must supply muscles (M, and M,) that are not 
synergists and preferably are antagonists. (2) M, and M, must each have one or more 
synergic muscles MS, and MS,. The nerves NS, and NS, of MS, and MS, are not molested in 
the initial operative cross-union, and hence their afferent fibres provide the control afferent 
pathways that are employed in testing the motoneurones with changed functions. (3) As a 
rule afferent volleys in NS, or NS, will normally evoke considerable monosynaptic EPSPs 
in the respective synergic group of motoneurones, MN, or MN,, which is being subjected to 
the cross-union procedure, i.e. these volleys will produce heteronymous EPSPs (ef. Eccles 
et al. 19576). It is very important, however, that monosynaptic EPSPs should very rarely 
be produced normally by NS, volleys on the motoneurones of group MN, or by NS, volleys 
in MN,, because, in the interpretation of the experimental results, such aberrant EPSPs 
(Eccles et al. 1957b, p. 41) provide the criterion for the establishment of new connexions as 
& consequence of the cross-union between N, and N,. The sensitivity of this criterion would 
be reduced if such aberrant responses were commonly observed in the control experiments 
in which there was no operative cross-union. (4) Finally our experiments have indicated 
that it is very important for the motoneurones with changed function (say MN,) to be in 


- Close proximity to the motoneurones (MN38,) belonging to the antagonist: test nerve (NS, in 


this case). 

It is possible to design several experiments on the cat’s hind limb that conform reasonably 
closely with these specifications. In eleven kittens, from 1 to 25 days old, the nerve to the 
peroneal muscles, peroneus longus, brevis and tertius (Per), was cross- united to the nerve 
to the medial gastrocnemius (MG), as illustrated in Figs. 1B, 2B. The deep peroneal (DP) 
nerve to. the remaining pre-tibial muscles, and the nerves to the remaining post-tibial 


2 
an 
yf 
/ 
5 
4 
y 
re 
5 
x 
va 
i 
i 
{ 
‘a 
Ny 
r 
| 4 
\ 
£ 


70 J.C. ECCLES, ROSAMOND M. ECCLES AND F. MAGNI 


extensor muscles—lateral gastrocnemius-soleus (LG), plantaris (Pl) and flexor digitorum 
longus (FDL)—serve as the respective control afferent pathways. Cross-unions were also 
performed in six kittens between the Per and LG nerves. More recently another cross-union 
has been attempted, DP to MG, but some months must elapse before the final experimental 
tests. 

None of these experiments provides ideal conditions. For example, in the LG-to-Per 
cross-union the motoneuronal nuclei belonging to the two testing nerves, MG and DP, are 


Aberrant 
collateral 


| Cross-union 
Per=MG 


Fig. 1A. Diagram showing the monosynaptic pathways for two pretibial muscles 
and two post-tibial muscles, labelled in accordance with the text description. Only 
one Group Ia afferent fibre and one motor fibre is drawn for each muscle, the 
afferent fibres being distinguished by their thicker lines. The afferent and efferent 
pathways for muscles functioning as flexors are shown by broken lines. It will be 
seen that the afferent fibres have monosynaptic action on the motoneurone of their 
own muscle and, to a less extent, on that of the synergic muscle, as shown by the 
thinner collateral branch. B. Diagram showing changed peripheral connexions when 
regeneration has followed the cross-union. The change in function is shown by the 
change in broken line designation. In the spinal cord the dotted line shows the aber- 
rant connexions that developed from the Ia afferent fibres of post-tibial extensors 
to the motoneurones of the peroneal muscles when nerves to medial gastrocnemius 
and to the peroneal muscles were cross-united. 7 


each some distance from the respective nuclei under test, the MG nucleus being caudal to 
the Per motor nucleus; while the DP nucleus is a considerable distance dorsolateral to the 
LG nucleus and somewhat more rostral (cf. Romanes, 1951). The Per-to-MG cross-union 
provides one test situation of close proximity; the Per and LG nuclei are juxtaposed at 
the same segmental level (L7), the Per nucleus being just lateral to that for LG. The other 


4 4, 
a 
| | 
ly MN, \ | 
4 
\ 
Ny | 
| Ny ul 
| 
ia “VY NS 
| \ 
MS; Per QS 
} 


CHANGED MONOSYNAPTIC PATTERNS | 71 


test situation, MG-to-DP, is most unfavourable, as the respective nuclei are at different 
segmental levels, and there is also considerable transverse separation. As a consequence our 
experimental testing has been concentrated on Per motoneurones that have regenerated to 
innervate the MG muscle, as in Fig. 1B. This situation has the disadvantage that the Per 
muscles make a negligible contribution to ankle flexion (peroneus brevis being in some ankle 
positions even @ very weak extensor), which may presumably be correlated with the normal 
occurrence of a rather high proportion of aberrant monosynaptic excitatory connexions from 
some post-tibial extensors to Per motoneurones (cf. particularly from MG; Table 2). How- 
ever, most Per motoneurones have synaptic connexions that indicate not only synergism 
with the DP motoneurones (monosynaptic EPSPs from DP nerve), but also antagonism to 
the post-tibial extensors (Ia IPSPs from one or other of these). It was surprising to find that 
the frequency of Ia IPSPs from post-tibial extensor muscles was as high (22/49) for Per 
motoneurones as it was for the DP motoneurones supplying the much more effective 
antagonists (25/56). An earlier investigation (Eccles et al. 1957, Table 4) showed that peroneus 
longus motoneurones received much more monosynaptic excitation from the DP nerve than 
did the other peroneus motoneurones. In the present investigation it was not possible to 


discriminate between the three peroneal muscles, because the nerve to all three was cross- 


united to the MG muscle. 
| Experimental procedures 


The nerve cross-union was performed in an initial aseptic operation. In order to prevent 
the nerves growing back into their own muscles, the two nerves to be crossed were severed 
as far distally as possible, and the central ends were freed as far proximally as was necessary 


_ to allow suturing in the crossed position without undue tension (cf. Fig. 2B). A single strand 


of nylon thread was employed to tie the cut ends together and the sheaths of both stumps 
were torn open by fine forceps so that nerve regeneration would not be impeded. In the final 


‘experimental tests 21 to 38 weeks after the cross-union, it was invariably found that the 


muscles were appropriately innervated and that there were no aberrant connexions to other 
mucles. For example, in the main series of Per-to-MG cross-union, the Per nerve innervated 
only MG and the MG nerve only the Per muscles. At the end of the intracellular investigation 
the various nerves, MG, LG and peroneal, were dissected from the sciatic and stimulated. 
The responses were recorded from the peripheral nerves that had been employed for stimula- 
tion during the experiment. Again it was found that there was no evidence of even one stray 
nerve fibre. For example, with the cross-union described above, the nerve innervating 
MG muscle had all its fibres in the peroneal nerve, while the nerve innervating the Per muscles 
had all its fibres in the MG nerve. 

The experimental technique in the final experiment resembled that already described for 
a survey of the monosynaptic excitatory fields of normal motoneurones (Eccles et al. 19576). 
The cross-united nerves were severed approximately at the site of the suture and the central 
ends were dissected free sufficiently far to enable the cathode of the stimulating electrodes 
to be applied well proximal thereto. Since the micro-electrodes were usually filled with 
3 m-KCl, IPSPs were sometimes inverted to depolarizing potentials on account of the 
diffusion of Cl- out of the electrode. Such inverted IPSPs were readily distinguished from 
EPSPs by their conversion back to hyperpolarizing potentials when a steady depolarizing 
current was passed through the micro-electrode. At the end of each intracellular investiga- 
tion of a motoneurone the micro-electrode was withdrawn to a position just extracellular 
to the particular neurone and the potentials produced by the various nerve volleys were 
again recorded. The potential changes actually occurring across the cell membrane are given 
by the difference between the intracellular and the corresponding extracellular record. As is 
shown in the illustrative figures, each record is made by the superposition of many faint 
traces, much of the background noise being thus rejected. Post-tetanic potentiation was 
also employed in order to lift the post-synaptic potentials above the noise level. The 
conditioning tetanus was standardized at 450/sec for 15 sec. : 
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Fig. 2. Drawing of the field of operation when the nerve to the peroneal muscles is 
cross-united to the medial gastrocnemius nerve, A being before and B after the 
cross-union, the crosses showing the positions of the sutures. MG, LG mark the posi- 
tions of the medial gastrocnemius and lateral gastrocnemius muscles and Per labels 
the nerve to the peroneal muscles; DP is the deep peroneal nerve supplying tibialis 


anterior, extensor digitorum longus and extensor digitorum brevis muscles, and 
Pop is the popliteal nerve. : 


RESULTS 


The ventral roots were left intact so that each motoneurone penetrated 
by the micro-electrode could be identified by antidromic invasion from its 
motor axon (cf. Eccles et al. 1957b). For example, in Fig. 3A the stimulus 
to the Per nerve (re-innervating the MG muscle) was just at threshold for 
the motor axon of the cell. In about half the superimposed traces this was 
excited, giving the large truncated spike-potential, which is seen in full at 
the much lower amplification of the traces in 3E. In the remaining half 
of the traces in Fig. 3A the monosynaptic EPSP alone was generated. The 
time course of the potential change across the cell membrane was obtained 

by projecting and tracing so as to superimpose on the intracellular record 
the extracellular record (the third line of A) taken at the same stimulus 
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strength and immediately after withdrawal of the electrode from the cell. 
The difference between the two traces gives the time course of the membrane 
potential change, and is shown below each set of recordings of Fig. 3A-D 
and F-I[. 

In this case of reinnervation of MG muscle by the Per nerve it is iansisesdi- 
ately evident that depolarizing potentials with the brief latency charac- 
teristic of monosynaptic EPSPs were set up by LG, Pl and FDL nerves in 


A Per B DP BST D SM E 


Fig. 3. Intracellular responses of a Per motoneurone reinnervating MG muscle. The 
three records of each ensemble A—D and F-I are formed by the superposition of about 
twenty faint traces and show, from above downwards: the potential produced by an 
afferent volley at the dorsal root entry at mid L7 segmental level, negativity being 
upwards; the intracellular potential of a Per motoneurone having a membrane 
potential of —75 mV and spike potential of 109 mV, positivity being upwards; 
the potential produced by the same volley, but with a just extracellular position of 
the micro-electrode. Below the three records there is a superimposed tracing of the 
intracellular (continuous line) and extracellular (dotted line) records showing the time 
course of the potential change across the neuronal membrane. With A the stimulus 
to the Per nerve was just at threshold for the axon of the motoneurone, producing 
an antidromic spike potential in about half the intracellular traces (middle series), 
which is shown at much lower amplification in E. B—D and F-I were produced by 
& maximum Group I afferent volley in nerves indicated by the symbols; DP, deep _ . 
peroneal; BST, posterior biceps-semitendinosus; SM, semimembranosus + anterior 
biceps; LG, lateral gastrocnemius+ soleus; Pl, plantaris; FDL, flexor digitorum 
longus. With Pl+LG the two volleys were synchronized. Same time scale for all 
records and same potential scale for all intracellular and extracellular records 
except E. The two arrows on the superimposed traces give the central synaptic 
delay. 


F, G and H respectively, in addition to the EPSPs set up by the Pecand 
DP volleys in A and B respectively. o:: the other hand, in C and-D, BST 
and SM volleys failed to set up monosynaptic EPSPs. The EPSP produced 
by the LG plus Pl volleys (I) was nearly as large as that generated homo- 
nymously in A or by the afferents from the normal synergic muscles in B. 

Enhancement of the EPSPs by post-tetanic potentiation was regularly 
employed in order to increase the size of the EPSPs, and was particularly 
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valuable in attempting to lift very small EPSPs above the noise level so 
that they could be identified and their latency and subsequent time course 
determined. In Fig. 4 the records in the rows marked Con and PTP are 
respectively the control and the most potentiated. In every case stimuli 
maximal for Group I were applied to the afferent nerve. Besides the la 
EPSPs, polysynaptic EPSPs are shown in C, G and D, H to be potentiated, 


B DP Cc BST D SM 
mV | | 


E F G H 


| LG J PI K FDL . L PI+LG 
M N 2mV] 


Fig. 4. Each pair of records of A~P corresponds to the upper pair of each ensemble 
in Fig. 3, and is from the same Per motoneurone, with the same afferent nerve 
identification. In addition they are arranged in rows labelled Con and PTP, which 
are respectively the control EPSPs and those at the height of the post-tetanic 
potentiation following stimulation at 450/sec for 15 sec. Q-T show responses to 
P1+LG volleys at the height of post-tetanic potentiation, being evoked by stimuli 
of increasing strength from Q to T, Q being so weak that it was submaximal for 
Group Ia and below the Ib threshold. Same time scale for all intracellular records; 


Q-T being at higher amplification than A—P,,as shown by the respective potential 
scales. 


while in K, O the polysynaptic IPSP was also potentiated. This Per moto- 
neurone thus received a considerable monosynaptic excitation from the 
nerves to the post-tibial extensors (I—-P), an aberrant effect of a size never 
observed in normal Per motoneurones. The series with graded stimulus 
strengths Q-T shows that this monosynaptic EPSP was produced by the 
lowest threshold Group I afferent fibres (cf. also Fig. 5A-C, G—K), and 
hence is attributable to the Group Ia fibres (cf. Eccles, Eccles & Lundberg, 
1957a, b). 

The hyperpolarizing IPSPs in Fig. 4K and O reveal that the IPSPs of 
this motoneurone had not been reversed by the diffusion of Cl- ions out 
of the KCl electrode (cf. Coombs, Eccles & Fatt, 1955). All membrane 
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depolarizations in Figs. 3 and 4 would thus be EPSPs. However, in many 
experiments Cl~ diffusion had converted IPSPs to depolarizing potentials, 
and it was necessary to nie the motoneurone “4 the application of 


msec 


| 

msec 


Fig. 5. A-G. Upper tracings are iis records from another Per moto- 
neurone reinnervating MG muscle (membrane potential — 55 mV), résponses being 
evoked by LG volleys, the lower tracings being of the incoming afferent volley 
at the mid L7 level, The LG stimulus was just above the Ia threshold in A, and 
submaximal and maximal for Group I in B and C respectively. D—F were evoked 
by a maximum Group I volley, the neuronal membrane being depolarized in E by 
passage of a steady current through the micro-electrode. Note in E the large 
hyperpolarization of the IPSP which cuts into the rising phase of the mono- 
synaptic EPSP, an effect which is much less obvious in the coritrol records D and F. 

G-L are intracellular records from another Per motoneurone reinnervating 
MG muscle (membrane potential — 60 mV, spike potential 79 mV), the responses 
evoked by LG volleys, which in G—K are set up by progressively increasing strengths 
of stimulation as in A—C, J being maximal for Group Ia and K for group I. Lshows 
effect of post-tetanic potentiation of EPSP set up by a maximal Group I volley. 
Superimposed traces of intracellular and extracellular records reveal the time course 
of the membrane potential ; the two arrows give approximately the central synaptic 
delay. 


 & current through the micro-electrode in order to convert IPSPs to hyper- 


polarizing potentials (Fig. 5 D-E) and so to discriminate them from EPSPs 
(cf. Eccles, Eccles & Lundberg, 1957c). The IPSPs invariably had a 
central latency in excess of 1:3 msec (Eccles e¢ al. 1957c), whereas the 
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latency of normally occurring EPSPs was not longer than 1-0 msec 
(cf. Figs. 3B, 4B, 7F). 

EPSPs generated in Per motoneurones by volleys in the nerves of the 
post-tibial extensor muscles have often had central latencies in the range 
1-0-1-3 msec. The small size of most of these EPSPs would result in a 
rather late estimate being made of their origin in time, and hence account, 
at least in part, for such high figures for monosynaptic¢ latency. But even 
- apart from this factor the latencies appear to be abnormally long. All 
transitions exist between undoubted monosynaptic EPSPs and EPSPs 
with latencies in excess of 1-5 msec (Fig. 7H, I), which are certainly due to 
Ib disynaptic action. In practice all EPSPs with a latency in excess of 
1-3 msec have been regarded as not being monosynaptically evoked. The 
second criterion has been the threshold discrimination between la and Ib 
afferent fibres. Even when there has been no appreciable difference of 
Ia and Ib conduction velocity, afferent volleys evoked by stimuli up to 
1-2 times threshold only produce monosynaptic Ia EPSPs in motoneurones 
(Eccles e¢ al. 1957c). As is shown in Figs. 4Q-S, 5A-C, G—K, the lowest 

threshold afferent fibres in the nerves to the post-tibial extensor muscles 
- were responsible for the brief-latency EPSPs in Per motoneurones 
reinnervating MG muscle. It has always been found that the lowest 
threshold (la) afferent fibres were responsible for the monosynaptic 
EPSPs in the Per motoneurones with changed function, which is precisely 
the situation for the EPSPs of normal motoneurones (Eccles et al..1957a). 

Altogether, in the eleven experiments, satisfactory intracellular in- 
vestigations were made on 102 Per motoneurones which had reinnervated 
MG muscle. In addition 59 normal Per motoneurones in normal cats were 
investigated in order to give a contro series. The entries for Per moto- 
neurones in the second rows of Tables 1 and 2 are derived from these two 
series. The monosynaptic EPSPs of the other species of motoneurones 


involved in the cross-union (MG) or synergic with those cross-united : 


(DP and LG) are given also in the other rows of the tables. The entries in 
each column relate to the monosynaptic EPSPs produced by maximum 
Group I volleys in the various muscle nerves indicated by the letters at the 


top. Each series of entries for the action of each species of nerve on each 


species of motoneurone gives, first, the number in which monosynaptic 
EPSPs were observed out of the total number of motoneurones so investi- 
gated, and secondly the mean EPSP calculated by dividing the aggregate 
' EPSPs by the total number of those motoneurones. For example, the 
aggregate EPSP for the action of LG volleys on Per motoneurones was 
20-3 mV, which gives a mean of 0-20 mV for the 102 motoneurones so 
investigated. 

Comparison of the Per motoneurones in Tables 1 and 2 reveals that the 
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control nerves to the post-tibial extensor muscles evoked monosynaptic 
EPSPs far more frequently in the Per motoneurones with changed function 
(see and compare framed sections of each Table), the increase being 


Taste |. Assembled results for the eleven experiments with cross-union of Per with MG. 
Maximum monosynaptic EPSPs in motoneurones (arranged in rows) by volleys in eight 
different muscle nerves (arranged in columns). The upper entry gives the number of cells 
responding by recognizable monosynaptic EPSPs over the total so investigated. The lower 
entry gives the mean EPSP for the total cells so investigated. Cells with very low membrane 
potentials (less than —40 mV) were not included in this Table 


Nerve volleys 

‘Pe MG. LO PL FDL BST: SM 

107 107 107 107 107 102 107 94 

(mV) 2-96 0-22 0 0-01 0-01 0-03 0 0 

102 100 101 102 101 95 101 91 

(mV) 1:50 1-17 0-03 0-20 005 008] 0-01 0 

MG Bh 2 31 31 2 0 _0 _0 

31 31 32 33 31 8 31 26 

(mV) 0-02 0-07 2:1 205 0-01 0 0 0 

LG 

31 31 29 31 22 
(mV) 0 0-01 0-59 3-6 0-84 0 0-03 0-01 


In both tables the abbreviations for nerves and motoneurones are as follows: DP, deep 
peroneal; Per, peroneus longus, brevis and tertius; MG, medial gastrocnemius; LG, lateral 
gastrocnemius + soleus; Pl, plantaris; FDL, flexor digitorum longus + flexor hallucis longus; 
BST, posterior biceps plus semitendinosus; SM, semimembranosus + anterior biceps. 


TABLE 2, Assembled results from twelve normal cats, tabulated identically with Table 1. 
Note the contrast between the corresponding entries which are framed in the two Tables 


Nerve volleys 
“Motoneurones DP PER MG LG PL FDL .BST SM 
52 51 42 17 
(mV) . 3-90 0-90 0 0 0 0-01 0 0 
56 59 53 52 54 54 42 . 29 
(mV) 0-94 3-66 0-08 0-015 0-005 0-04 0 0 
27 24 42 43 40 33 27 i6 
(mV) 0 0-01 4°85 2-04 0:20 0-06 0 0 
LG 
25 20 34 34 34 32 24 14 
(mV) 0 - 0-05 . 2:27 4°7 11 0-02 0 0 


particularly large with the LG nerve (from 6 to 40%), but also considerable 
with Pl and FDL motoneurones, as is seen in Figs. 3 and 4. Thisis associated 
with an increase in the mean size of the monosynaptic EPSPs produced 
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by LG volleys in Per motoneurones by more then tenfold, from the normal 
value of about 0-015 mV to 0-20 mV for the Per motoneurones with changed 
function, and there were also large increases in EPSPs evoked by the 
Pl and FDL afferent volleys. Usually the LG volleys were the most 
effective, as is illustrated in Figs. 6 and 7. Comparison of Tables 1 and 2 
shows further that there was virtually no alteration in the monosynaptic 
action of volleys in DP, BST and SM nerves on the Per motoneurones with 
changed function (cf. Figs. 3, 6, 7; Tables 1 and 2). 
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Fig. 6. A—C and E-G show both intracellular and extracellular records from a 
Per motoneurone that reinnervated MG muscle (membrane: potential —76 mV, 
spike potential 76 mV), arranged to show intracellular records before (row labelled 
Con) and after post-tetanic potentiation (row labelled PTP). Bottom trace of Con 
in each ensemble is the corresponding extracellular record; below PTP are the 
superimposed tracings of the two intracellular (broken line, Con; continuous, PTP) 
and the extracellular (dotted line) records, the arrows giving the approximate central 
synaptic delays. The afferent volleys are identified as in Fig. 3. D shows the intra- 

cellular antidromic spike evoked by a Per volley, and recorded at much lower 
amplification. Same time scale for all records, and all but D at same amplification. 
The afferent volley records are at mid L7 level, negativity being upwards. 


Finally, both the MG and Per nerves had diminished actions on the 
Per motoneurones in Table 1 as compared with the control actions in 
Table 2. This diminution is also evident for the actions of these two nerves 
on the other motoneurones of Tables 1 and 2. Undoubtedly the principal 
factor concerned in this effect is the chromatolytic degeneration of a con- 
siderable proportion of the Group I afferent fibres of Per and MG nerves. 
Chromatolysis, both of spinal ganglion cells and of motoneurones, 1s 
particularly severe after peripheral nerve section in young animals, and 
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it has been reported that it causes the death of a very large proportion of 
these nerve cells (Nonidez, 1944; Romanes, 1946). Correspondingly, the 
surface lead from the dorsal root at cord entry shows only a very small 
spike for afferent volleys in Per and MG nerves (Figs. 3A; 4A; 6A; 7A, B). 
In a few experiments monophasic recording from dorsal roots was employed 
in estimating the proportion of surviving Group I afferent fibres in the 
cross-united nerves, the values being in the range of 20-40%. The depres- 
sions of monosynaptic excitatory actions in Table 1 as compared with 


Per motoneurone reinnervating 
MG muscle (membrane potential —74 mV, spike potential 82 mV). Post-tetanic 
_ potentiation is only shown for F~-I. The afferent volley records are from the mid 
L7 level, negativity being downwards. | 


Table 2 accord well with this proportion of survival. Thus the homonymous 
action of the Per afferent volley is depressed to 0-31 (1-17:3-66) and the 
heteronymous action on DP motoneurones to 0-24 (0-22:0-90), while for 
the MG volley the corresponding homonymous and heteronymous ratios 
are 0:43 (2-1:4-85) and 0-26 (0-59:2-27). Presumably the reduction of the 
aberrant MG action on Per motoneurones to about one third (0-03: 0-08) 
may be accounted for in the same way. 

The post-tetanic potentiation of EPSPs following a long high-frequency 
tetanus (Eccles, Krnjevié & Miledi, 1959; Curtis & Eccles, 1960) has been 
employed regularly in defining more accurately the time course of small 
EPSPs, especially in the measurement: of central latency. It has been of 
particular importance when there was uncertainty about the presence of 
an EPSP. Post-tetanic potentiation would then either increase the 
EPSP so that its existence was undoubted (Fig. 6, F, G; Fig. 7, G), or 
alternatively would show that the EPSP had such a long latency that it 
was not monosynaptic; e.g. it was shown in this way to be 1-5 and 2-5 msec 
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in Fig. 7H and I respectively. Sometimes the relative potentiation has 
been abnormally high (3-8 in Fig. 7G) but often the EPSPs produced by the | 
post-tibial extensor nerves in Per motoneurones were not potentiated more 
than were EPSPs from the DP nerve to Per motoneurones, as may be seen 
by comparing in Fig. 4, B with F, I with M, J with N and L with P. With 
the Per motoneurones of Table 1 the mean potentiation ratio was 2-5-2:6 
for monosynaptic EPSPs produced by nerves of the post-tibial extensors, 
and about 2:15 for the DP nerve. Rarely, post-tetanic potentiation revealed 
a monosynaptic EPSP that was otherwise undetectable, there being for 
example three instances of this in the 41 EPSPs reported for LG afferent 
volleys on Per motoneurones in Table 1. As a result of the relatively high 
degree of post-tetanic potentiation, the mean monosynaptic EPSP for the 
combined action of the nerves to the post-tibial extensors was almost 
1-0 mV for the 102 Per motoneurones which had been changed to function 
as ankle extensor motoneurones. 

The responses of MG cells in Table 1 how: little, if any, increase in 
aberrant connexions from the acquired synergists, the muscles innervated by 
DP nerve, and are thus in striking contrast with the responses of Per cells. 
A similar absence of aberrancy from nerves to the acquired synergists was 
observed when LG and Per nerves were cross-united in six kittens. In a total 
of 21 LG and 5 Per motoneurones there were no aberrant monosynaptic 
connexions. It was noteworthy that not only had the cells retained their 
original monosynaptic activation by Group [a afferent fibres, but also that 
the La disynaptic inhibitory actions on them from the original antagonists 
(the acquired synergists) were at least as frequent as in the control 
investigations. 

The negative results of such cross-union operations account for the very 
low proportion of aberrancy (4/50) reported in a preliminary account of this 
present investigation (Eccles, 1959). Changed function in these 50 moto- 
neurones. resulted from the LG—Per cross-union in 26, and from the 
MG-—Per cross in 24. Of these latter only 10 were Per motoneurones; 
they displayed much the same proportion of aberrancy as the much larger 
series of Table 1, 4/10 for LG and 1/10 for PI. 

Hitherto attention has been restricted to the evidence that change in 
motoneurone function by operative cross-union results in a change of the 
receptive field from which the motoneurone draws its monosynaptic 
activation. But operative cross-union also entails a change of the muscle 
from which an afferent fibre receives its activation. For example, as a 
consequence of the nerve cross-union of Table 1, the Per afferent fibres 
were excited by receptors in MG muscle and the MG afferent fibres by 
receptors in the Per muscles (cf. McIntyre & Robinson, 1958). Comparison 
of Tables 1 and 2 shows that, as a result of this changed peripheral con- 
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nexion, there was no development of central connexions, of these afferent 
fibres to the motoneurones of their acquired synergists, from the Per and 
MG nerves to LG and DP motoneurones respectively. There was merely 
a diminution in the sizes of the EPSPs normally produced by both afferents, 
which, as we have seen, is sufficiently explained by the chromatolytic 


death rate. 


DISCUSSION | 

In general, the experimental results as presented in Tables 1 and 2 show 
that after birth the mammalian spinal cord has only a small degree of 
plasticity, in so far as this is exhibited by changes of monosynaptic reflex 
pathways following cross-union of nerves to muscles. For example, in two 
experiments there was no trace of any aberrant connexions to the 23 Per 
motoneurones that had reinnervated MG muscle. In three other experi- 
ments there were aberrant connexions to more than half of the Per moto- 
neurones with changed function. Yet the mean values for the aberrant 
EPSPs produced in Per motoneurones from the various nerves to the post- 
tibial extensors (LG, 0-5 mV; Pl, 0:3 mV; FDL, 0-4 mV) show that the 
formation of new synaptic connexions usually occurred only to a slight 


extent. There was no correlation. between the age of the kitten at operation 


(range 1-25 days) and the frequency and magnitude of the aberrant 
EPSPs. 

The present experimental evidence of a small degree of stuiie change 
in the synaptic connexions of the mammalian spinal cord is not in conflict 
with the negative results of earlier investigations. For example, the small 
changes here reported in the Ia receptive fields of motoneurones would not 
be detectable in investigations on reflex discharges in ventral roots 
(McIntyre & Robinson, ae) or in reflex responses of limbs (Sperry, 1941, 
1942, 1947). 

The aberrant EPSPs have tended to differ from normal EPSPs in two 
respects, longer central latency and larger post-tetanic potentiation. The 
longer latency might be expected to occur on account of increased conduc- 
tion time in the newly developed presynaptic fibres. Presumably also the 
newly developed synaptic terminals may be relatively ineffective liberators 
of the chemical transmitter, and hence show more potentiation as a con- 
sequence of the transmitter mobilization ensuing after a conditioning 
tetanus (cf. Curtis & Eccles, 1960). The mean PTP ratio for the aberrant 
EPSPs, 2-6, was much higher than the normal ratio of 1-5:2-0. It may be — 
of significance that there was also an abnormally high level of potentiation 
for the EPSPs evoked by DP and P volleys on Per motoneurones, which 
had mean ratios of 2-1:2-5 respectively ; for it will later be suggested that 
in part such EPSPs were also produced by newly developed synaptic 


connexions.' 
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It seems certain from Tables 1 and 2 that, when Per motoneurones are 
transformed to have an ‘ankle-extensor’ function, there is an increase in 
the aberrant monosynaptic connexions from the post-tibial extensor 
muscles to them. Before considering these changes as arising on account 
of the transformed motoneurone function and being specifically related 
thereto, it should be considered whether there is an entirely non-specific 
explanation. Since the cross-union operation resulted in the chromatolytic 
death of about two thirds of the spinal ganglion cells, their degenerating 
central terminals may have stimulated sprouting of adjacent Ia afferent 
fibres which then established the aberrant synaptic connexions on the 
Per motoneurones. This effect of degenerating nerve fibres was first 


demonstrated in partial muscle denervation (Hoffman, 1950, 1951; Edds, 


1950, 1953), and it has also been found in the partially denervated sympa- 
thetic ganglion (Murray & Thompson, 1957) and in the spinal cord when 
spinal cord section caused degeneration of the descending tracts (McCouch, 
Austin, Liu & Liu, 1958). 

If this non-specific central sprouting caused the increased aberrancy of 
monosynaptic connexion to Per motoneurones seen in Table 1, it is possible 
that proximity of the motor nuclei provides a sufficient explanation of the 
preponderance of the LG aberrant connexions. Each motoneuronal nucleus 
has a wealth of fine branches of Group Ia primary afferent fibres, par- 
ticularly from the muscle it innervates; hence motoneuronal nuclei in close 
proximity are optimally placed for the operation of any influence that 
degenerating Ia afferent fibres in one may have in causing the sprouting of 
Ia fibres in the other. Thus LG motoneurones are as a rule closer to Per 
motoneurones than are the P] and FDL motoneurones; and degeneration of 
central terminals has not been associated with the development of aberrant 
connexions when the respective nuclei were more remote, e.g. from DP 
nerve to MG motoneurones in Table 1. 3 

It seems unlikely for several reasons that the observed increase in 
aberrancy can be fully explained by this postulated process of non-specific 
sprouting. First, the Ia fibres most exposed to the postulated influence 
would be those actually in the Per nucleus, i.e. the surviving Per fibres 
and those DP fibres which evoke the heteronymous EPSP (cf. Table 2 and 


Eccles et al. 19576). The mean EPSP of the latter was increased (from - 


0-94 to 1-50 mV), while with the former there was also possibly a small 
increase, because chromatolytic destruction reduced the mean Per EPSP 
on DP motoneurones to 24%, and on Per motoneurones to 31%. Thus 
under optimal conditions non-specific sprouting appears to have increased 
only to a small extent (by about one third) the EPSPs produced by DP and 


Per afferents on Per motoneurones, which suggests that it could make but _ 


a negligible contribution to the much larger relative increases (over tenfold) 
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in the EPSPs evoked in Per motoneurones by nerves to the post-tibial 
extensors (Table 1). Secondly, non-specific sprouting would be expected . 
to increase the aberrant connexions from BST and SM Ta afferent fibres 
to Per motoneurones, for in the L7 segment their motor nuclei are at least 
as close to the Per motor nuclei as the FDL nucleus is, yet the observed 
aberrancy rates in Table 1 are negligible, 2:101 and 0:91 respectively. 
Thirdly, non-specific sprouting would be expected to increase the aberrancy 
of monosynaptic connexions not only to Per motoneurones, but also to 
MG motoneurones—e.g. from the contiguous BST motoneurones—and this 
has not been observed (Table 1). 

There are two further experimental investigations of the postulated 
effect of degenerating primary afferent fibres in causing sprouting of 
adjacent fibres. It would be expected that the central degeneration caused 
by partial severing of the dorsal roots central to the spinal ganglia would 
cause a large development of aberrant monosynaptic connexions to moto- 
neurones. This possibility is at present being fully investigated. In a 
preliminary investigation the dorsal root operation was performed on two 
adult cats and 25 weeks later there were no aberrant monosynaptic con- 
nexions on the 96 motoneurones from which intracellular records were 
made. In the alternative control experiment the Per and MG nerves have 
been severed, as in the cross-union operation, but have been rejoined to 
their own peripheral stumps. Under such conditions there will be the same 
chromatolytic destruction of spinal ganglion cells as in the cross-union 
operation, but no change in motoneurone function. Comparison of the 
aberrancies under such conditions with those of Table 1 should establish 
the degree to which non-specific sprouting is responsible for the aberrancies 
shown for Per motoneurones in Table 1. Operations of this type have been 
performed on young kittens, but some months must elapse before the 
final experimental tests, which will be separately reported. 

Following a comprehensive investigation of the receptive fields for the 
monosynaptic activation of many different species of motoneurones 
(Eccles e¢ al. 19576), the following question was raised, but not answered. 
What developmental processes are responsible for establishing the highly 
selective connexions which have been shown to exist? For example, the 
nuclei of BST motoneurones on the one hand and of the MG and LG moto- 
neurones on the other are in close apposition, yet their respective la 
receptive fields are usually quite independent. Still more remarkable are 
the connexions made between widely separated but functionally related 
nuclei, the best instance being the reciprocal gracilis-semitendinosus 
linkage (Eccles et al. 1957b; R. M. Eccles & Lundberg, 1958), which 
occurs despite the location of the respective nuclei at L5 and L7 segmental 


levels, It does not seem possible to postulate that these highly specific 
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intersegmental connexions are established by the ingrowth of fibres from 
the primitive spinal ganglia along the easiest channels between tissue 
planes. On such an explanation aberrant connexions would be expected 
to be far more frequent than is actually observed. | 

One possible explanation of the development of selective connexions is 
that some specific chemical or physico-chemical property of the Group 
Ia fibres provides a ‘selective contact guidance’ during growth; and 
furthermore, limits the possibility of their functional connexion, so that 
connexions are made only to those motoneurones that ,have a comple- 
mentary specificity (Sperry, 1951a; Weiss, 1950). An influence of a muscle 
on the motoneurones innervating it was postulated by Wiersma (1931) and 
by Weiss (1936, 1947, 1952). This posttlate of a ‘modulating’ influence 
of muscle on motoneurones, ‘myotypic specification’, has been developed 
by Sperry (195la, 6; 1958) and Weiss (1952) into the concept that the 
motoneurone could be conditioned in this way to attract and retain one 
type of synaptic contact rather than another, there being some kind of 
chemical affinity of ‘specification’ between a nerve cell and the synaptic 
knobs in contact with it. This concept certainly provides a plausible 
explanation for the development of reciprocal monosynaptic connexions 
between muscles operating synergically at only one joint; but it encounters 
difficulty in explaining the central connexions of double-joint muscles, 
which may receive monosynaptic connexions from the muscles restricted 
to either of the two joints, and also activate motoneurones which innervate 
muscles operating either joint (Eccles et al. 19576; R. M. Eccles & Lund- 
berg, 1958). The complex monosynaptic linkages between knee and hip 
flexors and extensors (R. M. Eccles & Lundberg, 1958) provide still greater 
difficulties for an explanation by specification. Yet, on the other hand, 
specification as a controlling factor is suggested by the finding that no 


fibres of any particular muscle (R. M. Eccles & Lundberg 1958). The 
postulated myotypic specification must be distinguished from the chemical 
transmitter mechanism at synaptic junctions; the former is responsible 
for the actual existence of the synapses, the latter for their functional 
operation. Yet it seems very probable that there is a relationship, 
otherwise the specification could cause the development of synaptic 
contacts that were functionless because the chemical transmitter was 
ineffective. 

At present the only alternative to the explanation by specification is that 
initially all varieties of functional connexion are made by the ingrowing 
Ia fibres, and that this virtual randomness of connexion is gradually shaped 
to the specific adult patterns by a process of ‘resculpturing’, by means of 
which all inappropriate connexions regress, while there is a complementary 


motoneurone receives both excitation and inhibition from the Group la — 
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enhancement of those synaptic connexions ‘corresponding’ to proper 
function (Sperry, 1951 a). 

When considering the experimental results in relation to the alternative 
hypotheses of ‘specification’ or ‘resculpturing’, it seems clear that the 
former hypothesis alone is supported by the monosynaptic excitatory 
connexions. The resculpturing hypothesis would predict that there would 
be a loss of monosynaptic connexions from the control synergic muscles 
which functioned as antagonists after the cross-union. For example, there 
should be decreases in the EPSPs produced by DP nerve on the trans- 
formed Per motoneurones, and by LG nerve on transformed MG moto- 
neurones, whereas comparison of Tables 1 and.2 shows that there was 
either a slight increase or no change. On the other hand, the large increase 
(over tenfold) of the aberrant LG connexions to Per motoneurones can be 
accounted for by the hypothesis of myotypic specification. It has to be 
postulated that, as a consequence of the innervation of MG muscle, the 
Per motoneurones develop a changed surface specificity that attracts 
LG synapses. However, until the further control experiments evaluate 
_ the contribution of non-specific sprouting to the increased aberrancy, the 
present experiments do not provide convincing evidence for this hypothesis 
of linked modulation and specification. | 

The effect of the changed function of Per motoneurones on the ineidence * 
of disynaptic Ia inhibition upon them also indicates the existence of some 
specific factor. In the normal control experiments the [a [PSP from the 
antagonist muscles (the post-tibial extensors) was as frequently observed 
with Per (22:49) as with DP (25:56) motoneurones. With Per motoneurones 
reinnervating MG muscle there was a large reduction to 9:106 in the 
incidence of la IPSP from the post-tibial extensors, which have been trans- 
formed from antagonists to the acquired synergists of the Per motoneurones. 
In contrast, the Ia IPSPs on the adjacent DP motoneurones were just as 
frequent (46:107) as normally. There appears to be some incompatibility 
between Ia inhibitory and excitatory action by any particular nerve on 
the same motoneurone (cf. R. M. Eccles & Lundberg, 1958). Hence the 
observed shedding of I a inhibitory connexions to the transformed Per moto- 
neurones may be a necessary preliminary before Ia excitatory connexions 
can be established from the acquired synergists. Evidently such suggestions 
imply that a specific ‘modulating’ influence from the MG muscle operates on 
the Per motoneurones reinnervating it, which would be a further example 
of the process of myotypic specification postulated by Weiss and by Sperry. 
The apparent. shedding of inhibitory synapses is in accord with the 
resculpturing hypothesis; but these observations must be regarded with 
caution, unless substantiated by further investigations. 

However, even if myotypic specification is responsible for the observed 
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changes in Table 1, the magnitude of this effect is far less than would be 
expected for a process that is postulated to account for the embryological 
development of specific connexions. Possibly specification is much more 
effective at the very early stage of development. As postulated by Weiss 
(1947) and Sperry (195la, b, 1958), one can envisage the growing nerve 
fibre as chemically sensing the surfaces along which it grows, and being 
specifically attracted by the chemical properties of some surfaces and not 
by others. There are now many lines of evidence which suggest that the 
development of synaptic connexions can be explained only by some such 
postulate of surface specificity. For example, Group Ia and Ib primary 
afferent fibres of muscle appear never to make functional synaptic con- 
nexions on the same nerve cell, whether this be a motoneurone, an inter- 
neurone of the intermediate nucleus, a cell of Clarke’s column, or a cell 
of origin of the ventral spinocerebellar tract (Oscarsson, 1957; Lundberg & 
Winsbury, 1960; Eccles, Eccles & Lundberg, 1960). Apparently these two 
types of fibre differ in respect of the surfaces which attract them. In the 


fibres display discrimination in the choice of pathway (Weiss & Edds, 
1945; Gutmann, 1945), but there are also discriminations between the 
various sensory modalities, e.g. between taste buds, lateral-line organs and 
cutaneous endings (Sperry, 1951a). It remains to be determined whether 
the developments of aberrant monosynaptic connexions here reported are 
further instances of the influence of specific chemical affinities, i.e. of the 
postulated specification process, and, in addition, of changes which muscles 
can produce in motoneuronal specification, the postulated myotypic 
specification. 

SUMMARY 


were cross-united, and some months later intracellular recording of the 
monosynaptic excitatory post-synaptic potentials was employed to test 
if any change had been produced in the synaptic connexions to moto- 
neurones with inverted function. The motoneurones and afferent fibres of 
synergic muscles were employed as controls in the experimental tests. 

2. After crossing of the nerve to the peroneal muscles (peroneus longus, 
brevis and tertius) to medial gastrocnemius muscle, 40°, of the peroneus 


acquired synergist, lateral gastrocnemius, whereas normally this aberrant 
connexion was rare (3:52). There was also a large increase in monosynaptic 
activation from other post-tibial extensors. 

3. Correspondingly, there appeared to be a considerable decrease in the 
inhibitory action exerted by Group Ia afferent volleys from the post-tibial 
extensor muscles to peroneus motoneurones. 


regeneration of peripheral nerve fibres, not only do sensory and motor 


1. In eleven kittens 1-25 days old, nerves to antagonistic leg muscles — 


motoneurones (41:102) were monosynaptically activated from their 
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4. Noequivalent change occurred in the monosynaptic excitatory action 
on the medial gastrocnemius motoneurones reinnervating the peroneus 
muscles. 

5. There was a loss of about two thirds of the Group I afferent fibres 
of the cross-united nerves, presumably on account of chromatolytic death 
of the spinal ganglion cells. 

6. The degeneration of the fine central terminals of these afferent fibres 
probably caused sprouting of adjacent fibres, so providing a partial 
explanation of the increased aberrancy of post-tibial extensors to peroneus 
motoneurones; however this effect appeared to account for only a small 
fraction of the observed aberrancy. | : 
_ 7. The alternative explanation attributes the aberrancy to a change in 

peroneus motoneurones consequent on their reinnervation of medial 
gastrocnemius muscle, whereby they attract synaptic endings from the 
la afferent fibres from their acquired synergists (the process of myotypic 
specification of Weiss and Sperry). It is hoped that further experimental — 
investigations will allow a relative evaluation of these alternatives. 

8. Brief consideration was given to the relation of these findings to the 
factors responsible for embryonic development of specific connexions in the 
central nervous system. 
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Certain types of neurone of the spinal cord have been specially investi- 
gated, and as a consequence there are sharply defined categories of cell: 
alpha and gamma motoneurones, Renshaw cells, cells of origin of the 
dorsal spinocerebellar tract, and of the ventral spinocerebellar tract. This 
paper is devoted to an attempt to define additional types of neurone, 
particularly types of interneurone. This definition of cell type has been 
based on the synaptic connexions impinging on them and on the desti- 
nation and functions of their axons. These two criteria will be employed 
in the classification attempted here for cells located exclusively in and 
around the intermediate nucleus at L6, L7 and S81 segmental levels. The 
designation ‘interneurone’ will be restricted to neurones whose axons were 
confined within the lumbosacral cord. It is particularly important to 
restrict the criterion of synaptic connexions to monosynaptic connexions 
either from primary afferent fibres or from other identifiable fibres which 
can be directly stimulated. When interneurones are interpolated on the 
afferent pathway to the cell under investigation, criteria of specificity no 
longer obtain, because the serial arrangement of only one or two inter- 
neurones causes a very wide spatial and temporal dispersal of the various 
afferent inputs. For example, Group III afferent fibres from muscles or 
high-threshold afferent fibres from skin can activate many neurones of the 
types which are defined here by the criteria of their monosynaptic 
connexions. | 

The present classification follows on from a preliminary attempt 
(Eccles, Fatt, Landgren & Winsbury, 1954; Eccles, Fatt & Landgren, 
1956), in which interneurones in the intermediate nucleus were distin- 
guished according to their monosynaptic activation by Group la or 
Group Ib afferent impulses from muscle. Brief reference was also made to 
a third category of neurone monosynaptically activated by cutaneous 
afferent impulses. Since that time there has been a very comprehensive 
attempt at interneuronal classification by Kolmodin (1957), which was 
based on the receptor pathways activating interneurones. Unfortunately, 
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activation by adequate stimulation precludes accurate latency measure- 
ments, which. are essential in defining monosynaptic connexions; hence 
Kolmodin’s classification is complicated to an unknown degree by acti- 
vation through polysynaptic channels. In addition, no attempt was made 
to discriminate between the different stretch receptors of muscles, 
e.g. between annulospiral endings, Golgi tendon organs and secondary 
endings in muscle spindles. It is, therefore, not possible to attempt any 
synthesis between Kolmodin’s classification and the partial classification 
attempted here. All the types defined by Kolmodin (1957) were also 
widely dispersed throughout the grey matter. 

Altogether almost 100 neurones have been arranged in three main 
‘types; but with about thirty others this has not been possible, either 
because the data were inadequate or because they belonged to types not 

yet defined. Finally, the most common type of interneurone has eluded 
- our classification; such interneurones occur ubiquitously throughout the 
_ grey matter, and are activated to fire repetitively by high-threshold 
afferent fibres in both muscle and cutaneous nerves. 

There is now a considerable literature on the electrophysiological pro- 
_ perties of interneurones as studied by intracellular recording (Woodbury & 
Patton, 1952; Frank & Fuortes, 1955, 1956a; Suda, Koizumi & Brooks, 
1958; Haapanen, Kolmodin & Skoglund, 1958; Kolmodin & Skoglund, 
- 1958; Hunt & Kuno, 19594, b; Wall, 1959; Kostyuk, 1959). It will emerge 
that, so far as the interneurones themselves are concerned, the A and B 


types defined here are not distinguishable by their electrophysiological 


properties. On the other hand, the cells of origin of the ipsilateral cu- 
taneous tract (C7' type) resembled motoneurons in many respects; the 
spike showed a similar initial segment—soma dendritic (IS-SD) composition 
and was followed by a long after-hyperpolarization (100 msec). These 
tract cells were also much more tolerant of intracellular electrodes than 
were interheurones. 

METHODS 

The experiments were performed at the same time as the investigations reported in three 
previous papers (Eccles, Eccles & Lundberg, 1957a, b, c), and the methods of experiment 
were identical with those described there. The micro-electrodes were filled with 3m-KCl and 
usually had a resistance of 5-10 MQ. A wide range of nerves were mounted for stimulation 
and could be tested in quick succession in the way previously described. Special precautions 
_ were taken in freeing the nerves so that their blood supply was preserved; and they were 
mounted on electrodes with an interpolar distance of about 1-5 cm so that the stimulating 
current would be uniformly applied to the nerve fibres, and there would be a negligible 
influence of the killed and at the region of application of the cathode. The nerve volleys 
evoked by the stimuli were always monitored by a surface-recording electrode applied to 
the spinal cord at the point of entry of L7 dorsal root, and recorded against the large 
indifferent earth electrode, which was applied to the back muscles. No potential scales are 
given, in the figures, for these records, which were employed to reveal the Ia, Ib composition 
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of the ingoing volley and also to time the entry of the Ia and Ib volleys into the spinal cord. 
Throughout this paper the entry has been assumed to occur at the first reversal point of the 
triphasic surface records of the Ia and Ib afferent volleys. In most experiments the spinal 
cord was severed at the lower thoracic level and the ventrolateral columns on each side were 
prepared and mounted on stimulating electrodes (Laporte, Lundberg & Oscarsson, 1956a). 
In the remaining experiments the cord was severed at the upper lumbar level and no stimu- 
lation of the tracts was attempted. 

Usually separation of the Ia and Ib afferent volleys could be detected only with biceps- 
semitendinosus and quadriceps afferent volleys (cf. Bradley & Eccles, 1953; Eccles et al. 
1957a). However, investigations on the disynaptic Ib action on motoneurones have shown 
that with other nerves from limb muscles (gastrocnemius-soleus, plantaris, flexor digitorum 
longus, etc.), the Ib threshold was lower, relative to Ia, than with the nerves from thigh 
muscles (Eccles et al. 1957 a, c). This difference in threshold has also been used to some extent 
in the present investigation. When in a particular experiment it was observed that one 
group of interneurones was excited by low-threshold Group I afferents and another group 
by high-threshold Group I afferents, it was assumed that these afferents were Ia and Ib, 
respectively. By recording from motoneurones in the same experiments it was often possible . 
to verify this assumption when Ia synaptic actions from the particular nerves were evoked 
exclusively at low strength and Ib action exclusively at higher Group I strength. Ib actions 
were seldom observed with a stimulus below 1-2 times threshold for Group I fibres, and as 
tested by the monosynaptic excitatory post-synaptic potential (EPSP) maximum Ia 
volleys were usually generated by stimuli only 1-25—1-35 times threshold (cf. Eccles et al. 
1957 a, c). 

The micro-electrode was always inserted from the dorsum of the cord medial to the line 
of root entry, the direction and depth of the tracks being in general similar to those plotted 
by Eccles et al. (1954). When the recording was intracellular, records were usually taken on 
withdrawal of the electrode from the cell in order to determine the field potential. These 
records have not been reproduced, since the external fields were negligible relative to the 
large intracellular potentials. Many of the spike potentials in the figures have been 
retouched. 


RESULTS 

Monosynaptic action by Group Ia fibres of muscle (type A) 
Altogether there have been 27 interneurones monosynaptically activated 
by Group Ia fibres of one or more muscle nerves. They have been located 
in the zone of synaptic activation by Group Ia volleys from muscle, as 
indicated by the focal synaptic potential (Eccles et al. 1954, Figs. 2, 4), 
which approximately coincided with the intermediate nucleus of Cajal 
(1909). The most superficial was at 1:95 mm and the deepest at 3-3mm 
from the dorsum of the cord; i.e. they were all dorsal to the motoneuronal 
nuclei. None of the fourteen cells so tested was antidromically activated 
from the spinal funiculi of either side, though many were synaptically 
activated by descending volleys (Fig. 1M). On account of their similarity 
in other respects, monosynaptic Ia activation and location, it was assumed 
also that the fourteen untested cells did not have their axons in the 
ascending tracts of the cord. As a rule type A interneurones were rapidly 
killed by a penetrating micro-electrode, so most have been studied by 
extracellular recording. Nevertheless, five have been extensively investi- 
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gated intracellularly. Their membrane potentials ranged from —50 to 
—70 mV. 

The potentials of Fig. 1 A-F were evoked by graded stimulation of the 
biceps-semitendinosus nerve at strengths from just above threshold for 
Group Ia (A) to supramaximal for Ib (F). There was a very high level of 
background synaptic noise, which is characteristic of most types of inter- 
neurone. Superimposed thereon were excitatory post-synaptic potentials 


10 msec 


Fig. 1. Intracellular recording from a type A interneurone in the intermediate 
nucleus at a depth of 2-4 mm from the cord dorsum and in the middle of L7 segment. 
The membrane potential was about —60 mV throughout. The high background 
of synaptic noise (P) was diminished (Q) after injection of pentobarbital sodium 
5 mg/kg. A-—F, superimposed traces of EPSPs evoked by stimuli of progressively — 
increasing strength applied to biceps itendi nerve, the numbers giving 
strengths relative to the threshold sininben: The potential produced by the afferent 
volley in the L7 dorsal root (surface recording) is shown above the corresponding 
intracellular record. Upward deflexions in both signal increasing positivity 
relative to the indifferent earth electrode. G and H, similar recording of potentials 
evoked by a very weak (1:05T) and a maximum Group I stimulus to gastro- 
cnemius nerve, Ga; I-K, similar recording for maximum Group I volleys for 
plantaris, Pl; flexor digitorum longus, FDL; quadriceps, Qu, nerves. L and N 
similarly recorded, but for volleys evoked by stimuli of several times threshold 
strength in superficial peroneal (SP) and the ipsilateral ventrolateral funiculus (IF). 
N and 0 are spikes arising from EPSPs set up by PI and Ga volleys (cf. I, H) when 
the recording conditions had improved so that the larger EPSPs generated spikes 
at the arrows. Lower traces in N and O are the electrically differentiated records, 

showing abrupt transition from EPSP to spike at the arrows. Various time and 

potential scales are shown at appropriate places, A~F having the same time scale, 
_ as also H-M. Note that G was faster than H. Same potential scale for A—M. 
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tion, just as observed with motoneurones having low membrane potentials 


with other type A cells, but has not been investigated at slow sweep 
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even with the smallest Group Ia volley (seen best at the lower margin of 
the superimposed traces). The latent period was about 0-35 msec from the 
time of arrival of the afferent volley at the spinal cord. When there was a 
Ib afferent volley in addition, there was often a later EPSP (E, F) with a 
latency of about 1-25 msec, measured from the time of arrival of the Ib 
volley. This indicates the interpolation of an interneurone on the Ib 
pathway (cf. Eccles e¢ al. 1957). | 

Potentials generated by afferent volleys from other muscle nerves, and 
by a descending volley in the ventrolateral funiculus of that side, are 
shown in Fig. 1G—M. By graded stimulation it was shown that the lowest 
threshold afferent fibres of both the gastrocnemius and plantaris nerves 
were effective in generating the earliest EPSPs of Fig. 1H and I, res- 
pectively. For example, the stimulus to gastrocnemius nerve was at a 
strength only 5°% above threshold in G. Since the central latency of the 
EPSP in H and I was 0-6-—0-7 msec longer than for the BST response, it is 
likely that an interneurone was interposed on these Ia excitatory pathways. 

The time course of the monosynaptic EPSP’s generated by the Ia 
afferent volleys is better illustrated in Fig. 2A—D, where the background 
of synaptic noise was much lower. Just as with motoneurones, increasing 
the size of the afferent volley increased the EPSP without greatly altering 
its time course. The only variant consisted of the superposition of a small 
partial spike response on the largest EPSP (D). The critical level at which — 
an EPSP generated the spike is shown in G and H, though a partial spike 
response was superimposed on the EPSP in F. The latent period for the 
EPSP was 0-6 msec with the just threshold condition obtaining in E and F. 

The potentials following the spike are well shown when two traces are 
superposed, as in Fig. 2K, but they are also seen by comparing E and F 
with G and H. The spike rapidly declined to a brief after-hyperpolariza- — 


(Coombs, Eccles & Fatt, 1955); but there was, in addition, a much more 
prolonged after-hyperpolarization, which, in K, was still large 15 msec 
after the end of the spike. This long after-hyperpolarization has been seen 


speeds to see if it is comparable in duration with the after-hyperpolariza- 
tion of alpha motoneuronés (Eccles, Eccles & Lundberg, 1958). It was 
certainly more than 50 msec in duration for the interneurone of Fig. 1. 

The spikes of Fig. 2 differed from those of motoneurones in that there 
was no sign of a separation into IS and SD components even with electrical 
differentiation of very fast sweeps (I, J). The initial slowly rising phase of 
the EPSP changed smoothly to the steep rise of the spike without any 
trace of an inflexion, as may be seen also with the spike arising (at the 
arrow) from the steep EPSP in the undifferentiated records of Fig. 1N, 0. 
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In view of the depolarized condition of cells penetrated by the micro- 
electrodes, the threshold depolarization for initiation of a spike by the 
EPSP was high, just as with the soma-dendritic membrane of moto- 
neurones (Araki & Otani, 1955; Fuortes, Frank & Becker, 1957; Coombs, 
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Curtis & Eccles, 19575), being about 15 mV in Fig. 1N, O, and 13 mV in 
Fig. 21, J. This absence of an IS-SD separation has previously been 
_ reported for interneurones (Haapanen et al. 1958; Hunt & Kuno, 19594), 
so it appears that many interneurones lack the zone of low-threshold 
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at a depth of 2-0 mm from the cord dorsum. Membrane potential, about —70 mV 
throughout. A-—D are superimposed traces of EPSPs (above) and dorsal root 
action potentials (below) evoked by progressively increasing stimuli, applied to 
the combined FDL—PI nerves. E-H are single traces at faster sweep and lower 
amplification, the evoking stimuli being about same strength as in C for E and F, 


_and in D for G and H. Lower trace of I and upper of J are electrically differentiated 


records of the EPSP and superimposed spike evoked by a volley from the posterior 
tibial nerve, which supplies flexor digitorum brevis and the various toe muscles, 
there being two superimposed traces in I. K shows, at slow sweep speed, a record 
of potentials evoked in response to a stimulus of same strength as in C, but at lower 
amplification. The EPSP was just at threshold, evoking a spike in one of the two 
traces. Potential and time scales are given at appropriate places, one of the 
potential scales obtaining for A-D and the other for E-K, as shown. Note very 
fast sweep for I and J. 


membrane which occurs in the initial segment of motoneurones. 


The interneurone of Fig. 2 was excited through polysynaptic pathways 
by cutaneous afferent fibres. As is indicated by the EPSPs of Fig. 
volleys in cutaneous nerves produced a prolonged irregular bombardment, 


Fig. 2. Intracellular recording from a type A interneurone in the L7 segmental level 
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particularly when set up by strong stimuli (D, H). These EPSPs generated | 
4 spike potentials (Fig. 3J, K) if they attained the threshold level of de- 
polarization (about 8 mV). The interneurone of Fig. 1 was also excited by 
a polysynaptic cutaneous path (L). 


msec 


Fig. 3. Intracellular recording from same interneurone as in Fig. 2, A~D and E-H 
showing prolonged irregular EPSPs produced by stimuli of progressively increasing _ 
strength to two cutaneous nerves: sural, A—D, and superficial peroneal, E—H. 
I—K show records, at lower amplification and faster time base, of potentials evoked 
by a superficial peroneal volley, the EPSPs evoking a spike in J, K. Upper traces 
in I and J are potentials led from the L7 dorsal root at its cord entry. Upward 
deflexion always signals increasing positivity relative to earth. Potential and 
time scales are given at appropriate places. 
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Fig. 4. Intracellular recording from a flexor digitorum longus motoneurone 
(upper trace) on stimulation of the FDL nerve at the indicated strengths relative 
to threshold. The lower traces are from the L7 dorsal root entry zone, negativity 
; being signalled downwards, and show that the Group I volley displayed the 
separation in Ia and Ib components. 


: It was unexpected to find (see Fig. 1G—I) that Group Ia impulses 
generated ari EPSP after such a long latent period that it was necessary 
to postulate an interpolated interneurone. It is relevant to report here 
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that there is some evidence of Ia excitatory action occasionally reaching 
ipsilateral motoneurones by a polysynaptic pathway. In the experiments 
of Fig. 4 the nerve to flexor digitorum longus displayed separation in 
Ia and Ib components (D-F). A single volley from this nerve evoked in a 
flexor digitorum longus motoneurone a double EPSP which is best seen 
in records A-C, Fig. 4. The central latent periods were 0-6 and 2-6 msec 
which would be monosynaptic and probably trisynaptic respectively. 
‘High-threshold Group Ib fibres evoked the usual IPSP in F. The late EPSP 
component was evoked in A at a strength 1-03 times threshold for the nerve, 
and this was also the threshold strength for the fibres with monosynaptic 
connexions to the motoneurone. Hence it is difficult to escape the con- 
clusion that the polysynaptic EPSP in Fig. 4 was evoked by impulses in 
la afferents. 

None of this series of 27 interneurones has ethibited monosynaptic 
activation by Ib as well as by Ia impulses of the same or another nerve. 
Thus there was no overlap between type A and type B interneurones. 
However, type A interneurones were sometimes disynaptically activated 
by Ib impulses, as illustrated in Fig. 1 A-F. 

Extracellular records of type A interneurones have been shown pre- 

viously (Eccles et al. 1956, Figs. 2, 4, 5). Since only spike potentials can be 

recognized, the information on synaptic activation was limited, though 
specification by monosynaptic Group Ia activation was essential before 
the interneurone could be classed as type A. It is conceivable that some of 
the interneurones that could not then be classified were subliminally 
activated by Group Ia volleys. 

Many of the type A interneurones were very restricted in their synaptic 
activation, as illustrated in Fig. 5, where the cell was effectively activated 
by very low-threshold Group Ia volleys from biceps-semitendinosus (A), 
but by no other afferent volley from muscle or skin. Tests by the double- 
volley technique (F-I, cf. Fig. 2, Eccles et al, 1956) showed that maximum 
Group Ib volleys (H, I) did not excite a discharge from this cell. However, 
the cell was synaptically excited from the ventrolateral funiculus with a 
latency of 2 msec after the arrival of the descending volley, which would 
suggest a pathway through one or two interneurones. The power of the 
monosynaptic activation from biceps-semitendinosus was shown by the 
responses to repetitive stimulation, the cell following perfectly all tested 
frequencies, even as high as 480/sec (L). 

In contrast, some type A cells discharged impulses in response to a wide 
range of high-threshold afferent fibres, as has already been reported 
(Eccles et al. 1956, Fig. 5). A very wide field of action is shown in Fig. 6 
for an interneurone which was activated monosynaptically only by Group 
Ia fibres from biceps-semitendinosus. This activation was powerful; fast 
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records gave a central latency of only 0-5 msec for the spike (cf. first spike 
of G), and there was very good following of a stimulus frequency of 
680/sec (I). The response to strong stimulation of the muscle and cutaneous 
nerves was a repetitive discharge beginning after a long latency for all but 
flexor longus digitorum (D), and this exceptional discharge was probably 
spontaneous (cf. H), for it was not seen with weaker stimulation of this 


L 


msec 


Fig. 5. Extracellular recording from a type A interneurone in the intermediate 
nucleus at a depth of 2-5 mm from the cord dorsum. In A-E the stimuli to BST 
nerve were at the indicated strengths relative to threshold, the upper trace being 
recorded as usual from the L7 dorsal root, upward deflexion signalling positivity. 
In F-I a second stimulus was given at a fixed interval of 1-1 msec after the first 
and at a strength (2-5T) supramaximal for Group I, while the first stimuli were at 
the strengths indicated on each trace. In J—L the BST nerve was stimulated at_ 
a strength of 6-2T and at frequencies of 230, 345 and 480/sec, respectively. Same 
potential scale obtains throughout for the micro-electrode records (upward , 
deflexions signalling negativity), and the time scales belong to the appropriate 
columns. No other afferent nerve nor descending tract fibres had any action on 
this interneurone. 


nerve. These late bursts of discharges were evoked by Group III afferent 
volleys, which are very powerful in activating interneuronal pathways, so 
giving prolonged reflex discharges (Lloyd, 1943; Eccles & Lundberg, 
1959). 
Type A cells have usually received monosynaptic Ia innervation from 
only one muscle nerve. Exceptionally there was double innervation, even 
from such widely divergent muscle groups as quadriceps and the anterior 
tibial muscles. | 
7 PHYSIO. CLIV 
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Monosynaptic activation by Group Ib fibres of muscle (type B) 
Type B interneurones have been specified by two criteria, mono- 
synaptic activation by Group Ib impulses from muscles and absence of 
antidromic invasion from the ventrolateral funiculi on either side of the 
spinal cord. This second criterion distinguishes between interneurones and 
tract cells, but it has been applied with only 21 of the total of the 30 inter- 
neurones classified as belonging to type B. In addition to these 30 there 


| | 
10 msec 
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Fig. 6. Lower traces were extracellular recordings from a type A interneurone acti- 
vated monosynaptically only by the Ia fibres of BST, the spike discharge having 
the brief central latency of 0-55 msec. Upper traces were recorded as usual from 
the L7 dorsal root entry. A—G are responses evoked by single stimuli at a strength 
sufficient to excite Group III fibres of muscle nerves and the corresponding fibres 
of cutaneous nerves: A, SP; B, sural; C, saphenous; D, FDL; E, Pl; F, gastro- 
cnemius; G, biceps-s dinosus; H shows one of the occasional responses 
occurring spontaneously; and in I the BST nerve was stimulated at 680/sec, by 
- stimuli supramaximal for Group I. 


were four interneurones which were not sufficiently investigated to deter- 
mine whether their monosynaptic activation was through Ia or Ib fibres, 
or through both. Apart from this small indeterminate group, type A and B 
cells appeared to be sharply distinguishable, none being monosynaptically 
activated by both Ia and Ib impulses from muscle. Type B cells were 
located at depths ranging from 1:5 to 3-5 mm below the dorsum of the 
spinal cord, all but two lying between 1-9 and 3-2 mm, which is within the 


area of extensive Ib synaptic action as revealed by the large extracellular - 


synaptic potentials produced by Ib volleys (Eccles et al. 1954). 
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A rigorous distinction between Ia and Ib afferent volleys was possible 
when the respective spikes were distinguishable in records led from the 
appropriate dorsal root, as in the upper records of Fig. 7A—F. Discrimi- 
nation between the actions of the Ia and Ib volleys was effected by 


10 msec 


Fig. 7. A-F: Extracellular records of a type B interneurone (depth of 3-5 mm) 
activated from BST nerve, and with double stimulation as in Fig. 5F-I. Second 
stimulus was at a constant strength, supramaximal for Group I, and at 0-93 msec 
interval. First stimuli were at the indicated strengths relative to threshold. In 
both the upper dorsal root record and the lower micro-electrode record, upward 
deflexions signal negativity, but potential scale is only for micro-electrode traces. 
All records were made by superposition of about forty faint traces. G-R: Extra- 
cellular records of a type B interneurone at a depth of 2-4 mm in another experi- 
ment. It was activated both by gastrocnemius (G—L) and plantaris (M—R) afferent, 
volleys. The upper trace was always from the micro-electrode (same. potential 
scale throughout except for Q and R), the lower from the lower L7 dorsal root 
entry. The strengths of the single stimuli are given relative to the threshold of that 
nerve. The repetitive stimuli were well above maximal for Group I and were at . 
670/sec (K, Q) and 460/sec (L, R). , 


varying the strength of the stimulus applied to the biceps-semitendinosus 
nerve at 1-15 msec before a second testing stimulus, which was at a constant 
strength supramaximal for Group I (F). As is shown in A, the testing 
stimulus was unable to excite any Group I fibres that had been excited by 
the first stimulus. In B the first stimulus (1-58T) was submaximal for Ib. 
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C shows a transitional state where the first stimulus (1-48T) excited only 
about one third of Group Ib, as indicated by the large Ib spike set up by 
the second stimulus; yet it still evoked the interneuronal spike on every 
test, though with a longer and more variable latency than in A and B; 
but now the Group Ib volley set up by the second stimulus was also 
effective, so that the interneurone usually discharged twice at an interval 
of about 1 msec. The next weakest initial stimulus (1-29T), in D, excited 
very few Group Ib fibres and never evoked a discharge of the inter- 
neurone, though it was almost maximal for Group Ia, as revealed by the 
small Group Ia spike set up by the second stimulus. E shows a further 
stage of the series (first stimulus 1-19T) where the second stimulus excited 
about half of Group Ia and probably all of the Ib fibres. In contrast to C, 
and even D, it was now just as effective in exciting the interneurone as the 
maximal Group Ia-Ib volleys in A and F. It may be concluded that the 
interneurone was very effectively excited by Group Ib impulses, and that 
there was no evidence for a La excitatory action. The incomplete separation 
between Ia and Ib prevented such analyses from being decisive (cf. 
Laporte & Bessou, 1957; Eccles ef al. 1957 a), and it is desirable to have tests 
by adequate stimulation of receptor organs (cf. Lundberg & Winsbury, 


19604, b). 


The series of Fig. 7G—R shows extracellular records of another inter- 


neurone classified as type B by graded stimulation of nerves to gastro- 


cnemius (G—J) and plantaris (M—P) muscles. The gastrocnemius afferent 
volley showed a separation into Ia and Ib spikes (G—J). In G, where the 
Ib volley was small or absent, the interneurone was not excited despite 
the almost maximal size of the Ia volley. Figure 7M—P shows that the 
interneurone was also excited by the higher threshold component of the 
Group I plantaris volley, which presiimably was also a Ib action (cf. 
Kccles et al. 1957a). The generation of impulses in the interneurone was 
accomplished in the short central delay of 0:7—0-8 msec for both plantaris 
and gastrocnemius afferent volleys. An intense excitatory action of both 
afferents was further shown by the responses to repetitive stimulation, 
there being virtually a perfect following of frequencies as high as 670/sec 
(Fig. 7K, L, Q, R). This type B cell was also excited by superficial peroneal 
volleys after a long central delay, but by no other muscle afferents. 
There was a much more extensive receptive field for the type B cell of 
Fig. 8, though the frequency tests showed that, except for the plantaris 
afferent volley (D, E), it. was a field of low intensity (I, J, N, 0). The 
plantaris volley also showed its effectiveness in the very short central 
latency (0-6 msec in C) and relatively small size of the Group I volley (A) 
which evoked a discharge from the interneurone. By contrast, the gastro- 
cnemius Group I volley had to be almost maximal (F) and the minimum 
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. Thus excitation by lowest threshold Group Ib fibres may be presumed in 
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central latency was 0-9 msec (H). It was of interest that, although the 
Group I volley from flexor digitorum longus had to be almost maximal in 
order to be effective (K—M), it evoked a double discharge even at threshold, 
the central latencies for the two discharges being about 1-0 and 2-0 msec 
with a maximal Group I volley. Three criteria established that the 


7 [2mv | 
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nucleus at a depth of 2-1 mm from the cord dorsum. Upper traces are potentials 
led from the L7 dorsal root entry, positivity upwards. Same potential scale for all 
micro-electrode records, upward deflexions signalling negativity. A-E, F-J and 
K-O are series with stimuli at the strengths indicated applied to plantaris, gastro- 
cnemius and flexor digitorum longus nerves, respectively. In A~C, F-H and K-M 
the records are formed by the superposition of about forty faint traces. The 
stimulus frequencies in D, E are 480 and 690/sec, while in I, J and N, O they are 
220 and 480/sec, respectively. In P—R single stimuli were applied to the superficial 
peroneal nerve at the strengths indicated relative to that of P, and similarly in 
- Sand T to the quadriceps nerve. Note different time scales in appropriate places. 


Group Ib and not the Ia impulses from plantaris were effective in exciting 


the interneurone. The very short central latency of the discharge evoked by 


a plantaris volley (C) and particularly the very high frequency of repetitive 
discharge (690/sec followed perfectly in E) showed that a maximal Group I 
plantaris volley excited the interneurone very powerfully. The tests (A-C) 
could indicate that the interneurone was weakly excited by Ia impulses, 
the volley evoked at a strength of 1-21T being just sufficient to evoke a 
discharge (A); but this interpretation is inconsistent with the powerful 
excitation by high-threshold Group I afferents revealed by the other tests. 
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Fig. 8A, particularly as a stimulus of strength 1-21T has been found to 
evoke a disynaptic Ib inhibitory action in motoneurones (Kccles et «i. 
1957c, Figs. 3, 4). On this interpretation the interneurone would be 
excited monosynaptically by Ib not only from gastrocnemius (F—H) and 
flexor digitorum longus (K—M), but also from plantaris (A-C). In addition, 


1-59 1-63 


msec 


Fig. 9. A-—M are extracellular records of a type B interneurone in the inter- 
mediate nucleus at 2-2 mm below cord dorsum. Upper traces are micro-electrode 
records (note potential scale), while lower records are from L7 dorsal root entry, 
upward deflexions for both records signalling negativity. In A-—H records are 
formed by superposition of about forty faint traces. A—D and E-H are evoked 
by single stimuli to the gastrocnemius and plantaris nerve respectively at the 
indicated strengths relative to threshold. In I-K the gastrocnemius stimulus was 
applied at short intervals before the plantaris stimulus, both stimuli being supra- 
maximal for Group I, and L, M show the respective single responses. Super- 
position of responses L and K (in N) reveals the time course of the EPSP set up 
by the plantaris nerve when refractoriness prevented generation of a spike. 
Actually the tracings of N are the means of two closely similar records. The same 
interneurone was later penetrated by the micro-electrode, the membrane potential 
having the low value of —38 mV. O-R show intracellular responses evoked by 
gastrocnemius afferent volleys set up by a stimulus of 1-59T strength (cf. B), with 
many superimposed in O, 4 in P, 2in Q and 1 in R. Note that Q and R are at lower 
amplification than O, P, 8, T. 8, T and U are intracellular records corresponding 
to the extracellular series L, K, N, respectively. Upward deflexions in intra- 
cellular records signal positivity. 


it was excited at longer latency by a wide range of cutaneous afferents in 
the superficial peroneal nerve (P-R) and very slightly by high-threshold 
quadriceps afferents (S, T). Several type B interneurones were synaptic- 
ally excited by descending volleys in the ipsilateral funiculus. 
Intracellular records were made from only three of the total of 30 type B 
interneurones. The cell illustrated in Fig. 9 was shown to be type B by the 
threshold tests with gastrocnemius (A—D) and plantaris-flexor digitorum 
longus volleys (E-H), and was later penetrated by the micro-electrode. 
A just-threshold gastrocnemius volley then gave the responses (O, ?), 
showing the spike arising from an EPSP at a rather low threshold level 
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(about 6 mV), which may be attributed to the depolarized state of the cell, 
the membrane potential being only — 38 mV. The spike showed no sign of 
IS-SD composition and initially had a duration of 0-5 msec (P), but later 
it lengthened to 0-8 msec (Q, R), there being a large after-hyperpolariza- 
tion, which seemed to be comparable with that given by type A inter- 
neurones (Fig. 2K). The large size of the EPSP produced by a maximal Ib 
volley is shown in T, where a plantaris volley 0-8 msec after a gastrocnemius 
volley generated only an EPSP, which is revealed by comparison with the 
control records (S) and in the superimposed tracings (U). During the 
earlier extracellular series a similar test had been made (K, L, M), showing 
the time course of the extracellular EPSP in the superimposed tracings (N). 
At longer volley intervals (I, J) the plantaris volley also evoked a spike in 
the interneurone, the interval between two successive discharges being as 
brief as 0-7 msec when the volley interval was 0-5 msec (J). The refractory 
period of the interneurone was thus very brief and the potency of the 
synaptic stimulation very high. 


Monosynaptic action by impulses from cutaneous nerves (type C) 

The interneurones of type C are specially concerned in the relaying of 
impulses from cutaneous nerves, and are monosynaptically excited by 
impulses from one or another cutaneous nerve. One subgroup has been 
characterized in addition by being invaded antidromically by impulses 
descending the ventrolateral funiculus on the same side, i.e. they were 
tract cells relaying cutaneous impulses up the ipsilateral side. At least 14 
of the total of 33 type C cells were in this subgroup, which may be called 
CT, and 6 type C cells did not have a tract axon, being therefore primarily 
cutaneous interneurones, and forming a subgroup that may be called CN. 
The remaining 13 type C cells were not tested for antidromic invasion 
from the ventrolateral funiculi. The C7’ cells were remarkable in being 
much more tolerant of intracellular electrodes than interneurones, 
and extensive intracellular investigations were possible with four of 
them. 7 

The cell illustrated in Fig. 10 had a membrane potential of —60 mV 
throughout a long investigation, and A-D show the responses evoked by 
progressively increasing stimuli to the superficial peroneal nerve. In A the 
spike is seen to arise from an EPSP, but with B—D the EPSP was so steep 
that there was barely any inflexion between it and the initial spike. In 
C the high spike frequency was associated with depression of size and this 
effect was even greater with the second and third spikes of D, where the 
initial frequency was about 1000/sec. The spike potential generated by 
antidromic invasion from the ipsilateral tract (EK) clearly exhibited an 
IS-SD composition, particularly in the differentiated record. The total 
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duration of the spike was about 0-9 msec, and it was followed by the brief 
after-hyperpolarization characteristic of depolarized neurones. Slower 
records (F, G) revealed a much larger and longer after-hyperpolarization, 
which was over 100 msec in duration (H), and comparable with that 
occurring in motoneurones (Eccles e¢ al. 1958). Similar after-hyper- 
polarizations were given by other C7' cells. Finally, in I—L there was a 
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Fig. 10. Intracellular records from a type CT cell at a depth of 1-5 mm from the © 
cord dorsum, the membrane potential being —60 mV. A-—D are responses evoked 
by a stimulus to superficial peroneal nerve at the indicated strengths relative to the 
stimulus for A. Note change in time scale between B and C. There is a record 
from L7 dorsal root entry (lower trace) as well as the intracellular record. Upward 
deflexions of both traces signal positivity. E-H are antidromically evoked 
potentials in response to a stimulus to the ventrolateral funiculus of the same 
side, E being an electrically differentiated record. Note changes in the potential 

~ and time scales. I—-L show responses to antidromic teta: ' \t respectively 230, 340, 
490, 490/sec. M shows response to a superficial peroneal volley set up by a 
stimulus 1-2 times the strength for response, A. In N—P it was preceded at pro- 
gressively shorter intervals by an antidromic spike response. No other nerves were 
effective in exciting this cell. Same potential scale for all records o— G and H. 
Note time scales in appropriate places. 


repetitive antidromic invasion of the cell, even for 5 RA te at 490/sec; 
thereafter blockage occurred, much as with motoneurones, for in K and L 
there were either IS spikes, or no detectable spike. Presumably this was 
due to an axonal block, just as occurs with motoneurones (Brock, Coombs 
& Eccles, 1953). The brief refractoriness of C'T cells is further illustrated by 
the effect of a preceding antidromic volley on a synaptically evoked 
response (N—P), the control being shown in M. In P the synaptic stimu- 
lation generated a spike at 1-2 msec after the onset of the antidromic spike. 
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Somewhat similar observations have been made by Wall (1959) on 
repetitively discharging cells. 

Further details of the spike responses of C7 cells are illustrated in 
Fig. 11. With the antidromic spike in A, B, there was a separation into IS 
and SD components equivalent to that occurring in motoneurones (Araki & 
Otani, 1955; Fatt, 1957; Fuortes et al. 1957; Coombs, Curtis & Eccles, 
1957a). This IS-SD separation also occurred with spikes generated by 
synaptic excitatory action. With a very small superficial peroneal volley 


E | 
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Fig. 11. Intracellular records from a type CT cell as in Fig. 10, but in a different 
experiment. Depth below dorsum of cord was 1-8 mm; membrane potential was 
not recorded. A gives antidromic spike response to a descending volley in the 
ventrolateral columns of the same side, the upper trace showing the field generated 
by the volley. In B the lower trace shows the electrically differentiated record 
of the antidromic spike. C-—F are responses evoked by a superficial peroneal volley 
together with the electrically differentiated records. D shows response to a volley 
which just evoked a single spike. D-F have fast time bases ‘and the initial rising — 
phase of the EPSP was not fully recorded in F. Superficial peroneal was the only 
nerve evoking any response of this cell. Note potential and time scales related to 
appropriate records, C being at same amplification us E and F. 


a single spike was produced by a slowly rising EPSP (D), there being a 
clear IS-SD composition in the differentiated record, as may also be seen 
in the repetitive spike discharges evoked by larger afferent volleys 
(C, E, F). Thus, cells of type CT give spike responses and after-hyper- 
polarizations resembling those of motoneurones; but they differ in that 
they can discharge at a much higher frequency. 

It was remarkable that all the O7' cells which were fully categorized (13) 
were activated monosynaptically by the superficial peroneal nerve, and 
none by the other cutaneous nerve (sural), which was always tested. These 
CT cells were, however, often activated by high-threshold muscle afferents, 


giving a repetitive response after a long latent period. 
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Figure 12 illustrates the responses of a cell belonging to the other sub- 
group (type CN). Such cells were often synaptically activated by 
descending impulses in the ventrolateral funiculus of the same side, as 
shown by the various sizes of EPSPs evoked by graded volleys (A-C). In 
G and H the EPSP evoked a spike after a rather long rising phase, and 
differentiation (I) showed that it also had an IS-SD composition. Finally, 
in D-F are spike responses evoked by progressively increasing volleys in 


Fig. 12. Intracellular records of a CN type interneurone at a depth of 2-0 mm and 
with a membrane potential of —-40 mV. A-C show records evoked by stimuli to the 
ventrolateral funiculi of the same side and of progressively increasing strength, | 
each record formed by superposition of about 40 faint traces. D—F show responses 
to a single superficial peroneal volley at the indicated strengths relative to 
threshold. Upper traces in A-F are records from the L7 dorsal root entry. G—I 

_ show single responses to a descending volley evoked by a stimulus of the same 
strength as in C, the EPSP being just at threshold for evoking a spike. In G, H 
there is also a surface record (above) from the spinal cord dorsum, while in I there 
is an electrically differentiated record of the spike potential (below). Same time 
scales for all but record I (shown above it); one potential scale for A-C and 
another for D-I. J—L show responses of another C type cell to repetitive stimu- 
lation of the superficial peroneal nerve at frequencies of 22, 67 and 150/sec. In 
the absence of test by a descending cord volley, it was not known if it was a tract 
cell (C7’) or an interneurone (CN), 


_ the superficial peroneal nerve. In D the spike clearly arose from an EPSP, 


much as in G and H. This cell had highly specific synaptic connexions, 
being activated from no other cutaneous or muscle nerves. Several CN 
cells were activated by high-threshold muscle afferents, however, showing a 
repetitive response after a long latency. a 
Type C cells in general had much less ability to follow high-frequency 


stimulation of their monosynaptic path than those of types A or B. For 


example, in Fig. 12J—L the type C cell responded repetitively at high 
frequency to a single afferent volley in superficial peroneal nerve (cf. 
Fig. 10B-D). At a frequency of 31/sec (J) the cell usually responded 
twice to each afferent volley, and after an initial response at higher fre- 
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1958; Hunt & Kuno, 1959a). Sometimes these 


mission through polysynaptic pathways of varying degrees of complexity. 
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quency it followed 67/sec almost perfectly (K). It failed quickly at 150/sec 
(L), however, and it also failed to follow 100/sec after the first — 
volleys, showing intermittent following thereafter. 


DISCUSSION 


In many respects these investigations on the responses of individual 
interneurones agree with previous investigations in which intracellular 
recording was used. With the exception of the special cutaneous tract cells 
(type CT’) the membrane potential has been much less well sustained than 
with motoneurones (cf. Haapanen e¢ al. 1958; Hunt & Kuno, 1959a: 
Kostyuk, 1959), though it has often been in the range — 40 to —60 mV. 

There is also general agreement that activated excitatory synapses 
produce brief depolarizations, the excitatory post-synaptic potentials 
(EPSPs) closely resembling the EPSPs of motoneurones (Frank & Fuortes, 
1956a; Eccles et al. 1956; Kolmodin & Skoglund, 1958; Haapanen et al. 

‘Dpsr had a rapid rise 
and a slower, approximately exponential, decay, as in Figs. 1C; 2A-D; 
90, corresponding to Hunt & Kuno’s (1959a) description, and also re- 
sembling monosynaptic EPSPs of motoneurones. For example, the EPSPs 
of Fig. 2A—D closely resemble motoneuronal EPSPs even in respect of the 
half-time of decay, which was about 4 msec. The EPSPs often had a more 
complex form, however, which is clearly the result of temporal dispersion 
in the synaptic bombardment (cf. Haapanen et al. 1958; Hunt & Kuno, 
1959a). This was particularly evident when the synaptic bombardment 
tended to be synchronized into two phases, as in Fig. 1E, F. An extreme 
temporal dispersion of the synaptic bombardment produced by a single 
afferent volley is well illustrated in Fig. 3, and can be assumed to be 
responsible for the prolonged spike discharges of Figs. 6A—G, 10B—D and © 
11C, E, F. Evidently this synaptic bombardment occurred after trans- 


The wealth of pathways converging on interneurones is well illustrated by 
the synaptic noise (cf. Brock, Coombs & Eccles, 1952) produced by con- 
tinuous random bombardment (cf. Figs. 1 A—M, P, Q; Kolmodin & Skog- 
lund, 1958; Haapanen et al. 1958). 

An analysis of simple EPSPs such as those of Figs. 1C, 2A—D, 90, Pi is 
not possible, because no measurement of the electric time constant of the 
membrane has been made. Hunt & Kuno (1959a) attempted to determine 
this constant. from the strength-duration curves for interneurones, so 
deriving times with a mean value of only 0-46 msec. With motoneurones, 
however, this method has given values very much briefer than those 
derived from the time course of potential changes produced by the appli- 
cation of a rectangular pulse (Frank & Fuortes, 1956); Coombs, Curtis & 
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Eccles, 1959). Prolonged EPSPs such as those of Fig. 3 would arise by 
summation of the temporally dispersed unitary EPSPs. 


In the present intracellular investigations the spike potential always | 


arose from an EPSP, so it can be presumed that the micro-electrode was 
inserted into the soma of the neurone and not into the axon, as was some- 
times the case with previous investigations (Frank & Fuortes, 1955; 
Haapanen et al. 1958; Hunt & Kuno, 1959a@). With interneurones of types 
A and B, the spike was simple and brief (0-4-0-8 msec), without any trace 
of the double (IS-SD) composition characteristic of motoneurones 
(cf. Figs. 1N, O; 2G—J; 9P-T); and this agrees with Haapanen ¢ al. 
(1958) and Hunt & Kuno (1959a). On the other hand, types C7’ and CN 
showed a prominent IS—SD configuration (Figs. 10, 11, 12), which clearly 
indicated a low-threshold area for spike initiation comparable with that of 
motoneurones (Araki & Otani, 1955; Fatt, 1957; Fuortes et al. 1957; 
‘Coombs ef al. 1957a; Kostyuk, 1959), and correspondingly the spike 
complex had a longer duration, about 1 msec. Usually the sizes of spikes 
were low as a result of cell injury, but overshoot, as in Fig. 10, has been 
observed by other investigators. 

There was a very wide range in the threshold depolarization for initia- 
ting a spike discharge. As would be expected, the threshold was high in 
types A and B, where there was no specialized low-threshold area. For 
example in Figs. 1, 2 and 3, it ranged between 8 and 15 mV, while for 
type C cells in Figs. 10-12 the range was 4-8 mV. The range for types A 
and B is higher than that (2-5-10-9 mV) reported by Hunt & Kuno (19592). 
The intensity of excitatory synaptic action appears to be higher with cells 
of types A, B and C than with motoneurones. Not only is the synaptic 
depolarization very large as a rule, but it produces high-frequency dis- 
charges, as in Figs. 6, 8R, 10, 11; and discharges of the A and B type cells, 
can be driven in phase with afferent volleys of very high frequency 
(Figs. 5, 6, 7, 8). Figure 10P also illustrates the capacity of the EPSP to 
generate an impulse at only 1-2 msec after the initiation of an antidromic 
spike. 

There is general agreement that the spike declines on to a brief phase of 
hyperpolarization, such as generally occurs when the membrane potential 
is low. However, longer after-hyperpolarizations were not found by 
previous investigators (Haapanen et al. 1958; Hunt & Kuno, 1959q; 
Kostyuk, 1959), and were certainly less prominent than with motoneurones 
(cf. Kolmodin & Skoglund, 1958), C7’ cells by contrast had an after-hyper- 
polarization as well developed as motoneurones (Fig. 10G, H). With types 
A and B there was also evidence of a long after-hyperpolarization 
(Figs. 2K, 9Q). 

A considerable proportion of A and B cells can follow quite high 
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frequencies in afferent volleys, up to 700/sec being followed for as many as 
30 responses (Figs. 5, 6, 7, 8). The same cell may vary greatly in its responses 
to repetitive volleys from different afferents, which is satisfactorily 
accounted for by the relative excitatory potencies of the different volleys 


(ef. Figs. 7, 8). No distinction can be made between the frequency 
responses of type A and B cells. Such high-frequency following of inter- 


neurones has not been reported by other investigators (cf. Frank & Fuortes, 
1956a; Haapanen et al. 1958). Possibly their investigations were largely 
restricted to the interneurones activated only through polysynaptic paths, 
which we have not classified. Many of these give high-frequency responses 
(up to 1000/sec) to single volleys, but follow repetitive afferent volleys 
very poorly (e.g. Fig. 12J—L). In some cases the mixed afferent volleys 
had an inhibitory action which cumulatively depressed the responses to 
the later volleys (cf. Hunt & Kuno, 1959b). At least four factors are 
probably concerned in the high frequency with which type A and B cells 
can follow repetitive synaptic bombardment: the high level of mono- 


_ synaptic excitatory action; the brevity of the spike and consequently of 


the refractory period (cf. Fig. 9J); the relatively low level of the after- 
hyperpolarization ; and, finally, the high-frequency potentiation of EPSPs | 
(cf. Curtis & Eccles, 1960) may be as well developed with interneurones as 
it is with many cells of origin of the ventral spinocerebellar tract (Eccles, 
Hubbard & Oscarsson, unpublished observations). 

The primary afferent fibres from which a cell draws its monosynaptic 
activation have been a relatively unambiguous guide to the definition of 
cell type, so that there are numerous specimens belonging uniquely to one 
or other of the three main types A, B or O. There have been four inter- 
neurones, however, which could not be classified as A or B. For the 
present it may be assumed that this ambiguity was due to inadequate 
investigation and to unfavourable threshold discrimination between the 
Ia and Ib afferent fibres of the muscle nerves. It can be expected that the | 
much more selective conditions provided by adequate stimulation will 
allow the complete separation into types A and B, just as with the cells 


‘ of origin of the dorsal spinocerebellar tract (Lundberg & Winsbury, 1960a, 


b). If further investigation confirms this prediction, there would. be further 
support for the general proposition that the primary afferent fibres be- 
longing to Groups Ia and Ib do not establish synaptic connexions on the 
same nerve cell. There are already several well established instances of this 
principle of exclusion. Ia fibres alone make direct synaptic connexions 
with motoneurones (Bradley & Eccles, 1953; Eccles et al. 1957a) and with 
the interneurones (a subgroup of type A) concerned in direct inhibitory 
action (Eccles et al. 1956; Eccles et al. 1957a). Furthermore, the cells of 
origin of the dorsal spinocerebellar tract activated by Ia and Ib fibres now 
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appear to be distinct (Lundberg & Winsbury, 19606). Finally, the Ib 
afferent fibres are alone concerned in activation of the cells of origin of the 
ventral spinocerebellar tract (Oscarsson, 1956, 1957). It would seem likely 
that in the development of all these specific central connexions of Ia and 
Ib afferent fibres there is some chemical specificity in the respective 


growing fibre tips or growth cones. This postulate would be of particular — 


significance in accounting for the specific afferent connexions made on the 
A and B cells interspersed in the intermediate nucleus. 

The destination and functional action of the axons of the nerve cells 
give a basis for further classification. This criterion is well established for 
such spinal nerve cells as motoneurones, and the cells of origin of the dorsal 
and ventral spinocerebellar tracts. It has been applied above in sub- 
dividing type C cells into CT and CN subtypes, but it also can be applied 
to cells of types A and B. 

It is now necessary to postulate that Ia afferent fibres exert not only a 
monosynaptic, but also a disynaptic or polysynaptic excitatory action on 
some interneurones (Fig. 1G, H) and motoneurones (Fig. 4A-F). Both 
general considerations and specific investigations have led to the hypo- 
thesis that nerve cells are either excitatory or inhibitory in action (Eccles, 
(1957). Hence it would be predicted that type A cells could be subdivided 
into two sub-types according as they are excitatory or inhibitory in 
function, i.e. sub-types AH and AJ, respectively. Possibly the AJ cells 
are those with the very restricted receptive field, in conformity with their 
special function as interneurones of the very specific direct inhibitory path 
(cf. Fig. 5), whereas type AZ might include the cells with wider receptive 
fields (Figs. 1, 2, 6). Further investigation is desirable in order to see if 
the cells of type A can be subdivided in this way in relation to their 
receptive fields. 

Since the disynaptic inhibitory action of Group Ia impulses is much 
more in evidence than di- or polysynaptic excitatory actions, it would be 


expected that type AJ would be more numerous than type AH. Impulses — 


passing down the descending tracts of the spinal cord profoundly depress 
the interneuronal pathways from primary afferent fibres to motoneurones, 
with the sole exception of the ‘direct’ inhibitory path (Eccles & Lundberg, 
1959a; Holmqvist & Lundberg, 1959). It would therefore be expected 
that such descending inhibitory action would distinguish other inter- 
neurones from AJ cells. 

Similar considerations apply to type B cells, for Ib afferent impulses 
have a powerful disynaptic inhibitory action on motoneurones and also 
have powerful disynaptic or polysynaptic excitatory actions (Laporic & 
Lloyd, 1952; Eccles et al. 1957c). Hence it may be postulated that there 
are many cells in each of the subtypes BJ and BE. 
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The type CT’ cells have the properties which would be expected for the 
cells of origin of the cutaneous component of Fleschig’s fasciculus (Morin, 
1955; Laporte et al. 1956a, b; Catalano & Lamarche, 1957 ) which makes 
synaptic connexion with the lateral cervical nucleus (Rexed & Strém, 
1952). Recording from the fibres of this tract (Laporte et al. 1956a, b) 


shows that the cells are activated monosynaptically by the lowest threshold 


cutaneous fibres, the synaptic delay being less than 1 msec, while larger 
cutaneous volleys cause the repetitive discharge of several impulses with a 


- frequency as high as 1000/sec, exactly as in Figs. 10 and 11. The fast 


conduction velocity of the axons of this tract, 100 m/sec (Laporte et al. 
1956a; Oscarsson, 1958), indicates that it arises from large cells, which 
agrees with the tolerance of intracellular electrodes shown by CT’ cells. 
This cutaneous tract would include the dorsal spino-olivary tract described 
by Grundfest & Carter (1954); but there are minor discrepancies, the 
conduction velocity (maximum at 75 m/sec) being considerably lower 
(di Biagio & Grundfest, 1955). Possibly some systematic error was respon- 
sible for this discrepancy, because this conduction velocity was linked with 
a localization of the tract cells to the L5 segmental level, whereas the CT’ 
cells were actually at the L7 level in our experiments. 

The CT’ cells have been located at depths of 1-6-2-0 mm from the cord 
dorsum, except for one at 2-5 mm, being thus more superficial than the 
intermediate nucleus. There was a corresponding location (maximum at 
1‘7mm depth) for the synaptic field potential evoked by low-threshold 
cutaneous volleys (Coombs et al. 1956). Presumably the C7’ cells are the 
large neurones reported by many investigators in the deeper part of the 
dorsal horn, the 4th and 5th layers of Rexed (1952, 1954). Lenhossék (1893) 
and Cajal (1909) both give illustrations showing the axons of some of these 
neurones passing into the lateral columns. The CN cells have been 
scattered more widely, their depths ranging from 1-2 to 2-7 mm in our 
few samples. The depth of the A and B type cells would place them in the 
6th layer of Rexed (1952). Certainly they are far too widely dispersed for 
location in the very slender nucleus intermedio-medialis. On the other 
hand Cajal (1909, Fig. 115) has depicted a very dense plexus of collaterals 
of primary afferent fibres in the precise region where A and B type cells 
are found. Clearly further work is needed to correlate cytoarchitectonics 
with synaptic connexions and electrophysiological investigations. 

In addition to the 90 neurones of the A, B and C types, about 30 other 
interneurones were investigated, but could not be classified. Four were 
monosynaptically activated by Group I fibres from muscle nerves, but the 
data were inadequate for separating them into A and B types. The re- 
maining unclassified neurones were not monosynaptically activated from 
any of the muscle or cutaneous nerves prepared for stimulation. No doubt 
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many would have been identified as belonging to one or other type if 


they had been tested by all muscle and cutaneous nerves of the hind limb. 
It should also be pointed out that we have not defined any neurones by 
the criterion of monosynaptic activation by Group II afferent fibres from 
muscle. Nevertheless, it would seem likely that some interneurones have 
no monosynaptic activation from primary afferent fibres. Another type of 
interneurone, recently found in the dorsal horn (Eccles & Krnjevié, 1959), 
is characterized by very large (up to 40 mV) and prolonged (200 msec) 
EPSPs without any detectable spike potential. : 


SUMMARY 


1. Micro-electrode techniques have been employed in studying types of 
neurones which are located in a restricted zone in and around the inter- 
mediate nucleus of the spinal cord from lower L6 to upper 81 levels. 

2. The receptive fields from which these neurones exclusively draw their 
monosynaptic innervation have been the basis of their subdivision into 
three main types, about 30 of each type having been investigated: Ia 
afferent volleys and type A; Ib afferent volleys and type B; cutaneous 
afferent volleys and type C. Many neurones could not be so classsified; 
some because the data were inadequate, but many because they had no 
monosynaptic activation. 

3. The axons of some type C cells ascend the nti in the ventrolateral 
funiculus of the same side, i.e. they are cutaneous-tract cells. The axons of 
type A and B cells and the remaining type C cells do not ascend the cord. 
The cells would be interneurones taking part in spinal reflexes or medi- 
ating actions to ascending pathways. 

4. Intracellular recording showed that synaptic excitatory action evoked 
discharge by a depolarizing action (the EPSP) which was often large. 

5. Besides their monosynaptic excitation many cells of all types have 
polysynaptic innervation from muscle and cutaneous nerves, which may 
give high-frequency discharge up to 1000/sec, particularly from C type cells. 

6. The spike potentials of type C cells have a double composition 
resembling the IS-SD spike of motoneurones. With cells of types A and B 
the spike was simple, so it is presumed that they have no low-threshold 
area for initiating spikes. 

7. Type C cells have a large and prolonged after-hyperpolarization, and 
so possibly do A and B cells; nevertheless, on account of the powerful 
monosynaptic action, A and B type cells can follow high frequencies of 
afferent volleys, even up to 700/sec. 


8. There is a brief discussion of problems which arise in attempting to 


account for the development of specific central connexions by primary 
afferent 
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Anatomically and histologically the true gastric secretory stomach of the 
ruminant, the abomasum, is strictly comparable to the simple stomach of 
other mammals. The composition of the gastric juice is similar to that 
found in other animals and it is reasonable to assume that the basic 
mechanisms governing secretion are also essentially similar. The cranial 
part of the ruminant digestive tract is, however, considerably modified for 
the storage and fermentation of plant material and it is of interest to 
ascertain to what extent the function of the abomasum is modified by the 
three compartments of the forestomach which lie between it and the 
oesophagus. Previous investigations (Hill, 1955) have shown that the 
continuous flow of ingesta from the reticulo-rumen to the abomasum is | 
responsible for its continuous secretory activity, and that the abomasal 
glands are not able to secrete spontaneously. The experiments to be 
described were carried out to obtain further information about the factors 


iain) for initiating and maintaining abomasal secretion. 


METHODS 


One- to two-year-old Clun Forest sheep were taken from pasture and placed in individual 
pens in the animal house, where they were allowed a week or two to become acclimatized 
before operation. Mineral supplements and a daily ration of 1000 g of chopped hay were 
provided for all animals. 

Rumen fistulae were prepared in all animals and were fitted with polyvinyl cannulae 
(Jarrett, 1948). 

Abomasal fistulae. Perspex cannulae, 16 mm diameter and fitted with screw caps, were 
inserted into the pyloric region of the abomasum, and brought out through the abdominal 

wa!!. 
 Crocker-Markewitz fistula. The duodenum was transected immediately caudal to the 
pylorie sphincter and a stainless-steel cannula (external diam. yj in. (11 mm), internal 
diam. 3% in. (9°5 mm)) inserted into each end. The stems of the cannulae were brought out 
through the body wall and continuity of the digestive tract re- -established by connecting 
the ‘wo cannulae with plastic tubing (Dougherty, 1955). 

'agally innervated abomasal pouches were prepared in nine sheep by a modified Hollander 

oh nique (Gregory, Hallenbeck & Code, 1942). Perspex or stainless-steel a with 
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stems of 16 mm diameter were placed in the pouches and brought out through stab wounds 
in the abdominal wall. The difficulties associated with the preparation of gastric pouches in 
ruminants have been discussed elsewhere (Hill & Gregory, 1951; Masson & Phillipson, 1952) 
but attention should again be directed to the importance of securing adequate drainage of 
the pouches, since the many large folds of mucosa frequently block the pouch end of the 
cannula and interfere with the collection of gastric juice. This difficulty was overcome in the 
present work by placing in the pouch a soft polyvinyl drainage tube made in the form of a 
perforated hollow sphere approximately 4 cm in diameter and with a stem 8 cm long. The 
drain was inserted into the cannula and pushed up into the pouch in order to hold the 
mucosal folds apart and so allow the gastric juice to drain freely. The experimental obser- 


vations described here were made several months, and in some cases a year or longer, after ; 


the pouches had been made. 

Although a few experiments were carried out in the animal house the sheep were usually 
taken to the laboratory and placed in stocks. After a time they became accustomed to this 
procedure and would stand quietly in the stocks for many hours. Half-hourly samples of 
gastric juice were collected in a graduated centrifuge tube attached to a small plastic funnel ; 
this was held under the pouch cannula by a cord secured around the sheep’s body. 

Ocesophagostomy. Two sheep were operated upon by the two-stage method described by 
‘Friedman (1951). In one sheep (No. 30) oesophagostomy with a 5-day interval between 
Stage I and Stage II was performed 3 months after an abomasal pouch had been prepared. 
In the other one (No. G103) Stage I was performed before making the pouch and Stage II 

3 months afterwards ; both animals recovered rapidly from the second stage of the oesophago- 
stomy and ate well for several days, the food boluses being collected as they dropped from 
the oesophagostomy and returned to the animal through the rumen fistula. When this 
operative technique is used in the dog, the sides of the oesophagostomy can be closely 
approximated by placing a bandage around the neck, and the animal can then eat normally. 
In the sheep, although the edges of the incision were brought together in a similar manner, 
food boluses were always ejected during eating. This may have been because the boluses, 
which were 8-10 cm long and 25-35 mm in diameter, were too bulky to pass through the 
slightly narrower oesophagus at the operation site. Saliva was lost continuously from the 
oesophagostomy and although this was collected and returned to the rumen the loss may 
have been a factor which contributed to the decline in general condition which occurred in 
both animals 4-5 days after operation. Both animals attempted to ruminate but this 
“merely resulted in the loss of regurgitated rumen contents through the oesophagostomy. 
Sham-feeding experiments were therefore done on these animals during the first few days 
after the oesophageal stomata had been established. 

Venous catheterization. Small-bore (external diam. 1-5 mm, internal diam. 1-0 mm) 
polythene tubing was introduced through a wide-bore needle into the jugular vein and held 
in position with sticking plaster for the duration of each experiment. Heparinized saline 
(10 u./ml. Liquemin; Roche Products, Ltd.) prevented clot formation in the catheter. 


Analytical 


pH was determined with a glass electrode (Pye Universal pH Meter, Cambridge). Free 
and total acid of the gastric juice was determined by electrometric titration with 0-1N-NaOH 
to pH 3-5 and 9-6, respectively. Peptic activity of the gastric juice was estimated by Hunt’s 


(1948) method. Blood sugar was estimated by the Shaffer-Somogyi method (Shaffer & - 


Somogyi, 1933). Volatile fatty acids were determined by steam distillation, with precautions 
to exclude CO,, and titration of the distillate with carbonate-free 0-02N-NaOH and phenol- 
phthalein as indicator (Annison, 1954). 
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RESULTS 
The effect of a meal on secretion from abomasal pouches 
Secretion of gastric juice was first observed under feeding conditions 
which simulated, as far as possible, those at pasture. The animals remained 
in their pens in the animal house and consecutive hourly collections of 
juice were made. Food was provided ad lib. and was eaten by the animal 
intermittently during the day. Under these conditions, although there 
was continuous secretion of acid gastric juice, there were minor fluctua- 


tions in the amount and acidity of the juice secreted each hour and an 


over-all trend towards higher secretory rates between 5.0 a.m. and 2.0 p.m. 
Over a 24-hr collection period the average hourly output of free acid was 
usually about 1-70 m-equiv, and of total acid about 1-90 m-equiv. Com- 
paratively large volumes of gastric juice were secreted by the pouches; 
sheep H 149 for example, produced an average of 526 ml./day with a total 
acidity of 88-5 m-equiv/l. during a collection period of 12 days. If, as 
seems likely from inspection of its area, the pouch mucosa formed about 
12-9, of the total secretory mucosa of the abomasum, the total daily pro- 
duction of gastric juice would be of the order of 4-0—4-5 |. 3 
When animals were deprived of food for 24 hr, the volume and acidity 
of the abomasal secretion were reduced although there were still minor 
fluctuations in the rate of secretion. Feeding was then followed by a 
marked increase in secretion and this was found to be even more pro- 
nounced in sheep which had been in the animal house for long periods; 
possibly because these animals ate a large proportion@f their daily ration 
in a very short space of time. Figure 1 illustrates the secretory response 
obtained when 400 g of dried grass cubes were eaten during a half-hour 
period. The first 30-min sample showed an increase in the volume and 
acidity of the juice and this became maximal 1-1} hr after the start of 


feeding, gradually subsiding over the next 3 hr. When chopped hay or 


green stuff was eaten a similar secretory response was obtained but it 
tended to be short-lived. Collection of juice at 10 min intervals during the 
feeding response showed that the onset of secretion occurred within 10 min 
of the start of feeding and became maximal in about 60 min. Occasionally 
in the feeding experiments secretion was depressed during the first 30 min 
after feeding. This was particularly so if the secretory rate before feeding 
was at a relatively high level. 7 

Although similar increases in volume and acidity of the juice were 
obtained in response to feeding from all the sheep with pouches, there were 
individual differences in pepsin secretion. Thus in Sheep 24 (Fig. 1) the 
pepsin concentration remained practically unchanged during the feeding 
response, although the output was naturally elevated when the secretory 
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rate was high, maximum output being obtained during the early stages of 
the secretory response. Sheep H.160 and 37, on the other hand, showed 
an appreciable increase in the concentration of pepsin in the gastric juice 
and consequently a greater output of pepsin. The maximum increase in 
pepsin concentration occurred 1-1} hr after the start of feeding and co- 
incided with peak volume and acid output. In two further sheep, K 94 
and 30, the pepsin concentration and output although increased, were less 
than those observed in Sheep H.160 and 37. Atropine (10 mg subcu- 
taneously) completely inhibited the feeding response. 


Pepsin output (u.) 


Free acid output (m-equiv) 


8 


Time after feeding (hr) 


Fig. 1, The effect on abomasal secretion of eating a meal (400 g dried grass cubes, 
between arrows). Sheep 24. Modified Hollander pouch. 


Another feature observed in animals which had become accustomed to 


the feeding regime was what appeared to be a conditioned secretory 


response to feeding. Thus, when an animal had been fasting for 24 hr and 
the secretory activity of the abomasum had fallen to a low level, there 

_ was sometimes a transient increase in secretion at the usual feeding time. 
This response was not observed when the reticulo-rumen had previously 
been emptied of ingesta. Feeding other sheep in the presence of the experi- 
mental subject occasionally resulted in a slight increase in abomasal 
secretion as did the sight and smell of food. 
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The effect of vagal denervation on abomasal secretion was studied in 
four sheep with Heidenhain pouches. In all these animals the amount of 
juice secreted in response to a meal was considerably less than from in- 
nervated pouches of comparable size, and it was frequently of very low _ 
acidity. The time relations of the secretory response to a meal were, how- 
ever, comparable to those of an innervated pouch. | 


The flow of ingesta during feeding 

The rate of reticulo-rumenal contractions increases when a meal is 
eaten and it seemed probable, therefore, that there would be a concomitant 
increase in the flow of ingesta into the abomasum, which might be respon- 
sible for the secretory response observed after feeding. This point was 
investigated in Sheep G93, which had a modified Crocker—Markowitz 
fistula. During experiments the connecting tubing between the two 
cannulae was removed and the ingesta which issued from the cranial 
cannula were collected and measured. They were then returned to the 
duodenum through the second cannula. When the animal was deprived of 
food the flow of ingesta from the cannula adjacent to the pylorus was 
greatly reduced, but eating a meal then provoked an increase in flow which 


’ was maximal during the first hour after the start of feeding. This was 


followed over the next 3-4 hr by a gradual reduction to the pre-feeding 
level (Fig. 2). 

The passage of relatively large volumes of ingesta into the abomasum 
demonstrated in this way would presumably bring about some degree of 
distension of this organ and since distension of the pyloric antrum is 
known to stimulate gastric secretion in other animals further experiments 
were carried out in which the effect of pyloric distension on abomasal 
secretion was investigated. Animals prepared with abomasal pouches and 
pyloric fistulae were used and the pyloric region was distended by the 
inflation (40 ml. air) of a balloon passed into the abomasum through the 
fistula. The results were variable but in three experiments out of six 
secretory responses were provoked by moderate distension of the pylorus 
(Fig. 3). Ash (1959) has recently reported that distension of the main 
body of the abomasum with a balloon containing 250-500 ml. 0-9 % NaCl 
solution also stimulates the secretion of gastric juice. 


The effect of sham-feeding on abomasal secretion 


Several feeding experiments were done on Sheep 30 and Sheep G103 
before oesophagostomy and in all of them typical secretory responses 
were obtained. After oesophagostomies had been established four ‘sham- 
feeding’ experiments were performed whilst the animals were still in good 
condition. In none of them was a secretory response obtained. It is well 
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known, however, that in the dog the ‘sham-feeding’ response is capricious 
and easily inhibited by pain or apprehension and therefore the negative 
evidence obtained in the sheep did not necessarily constitute very good 
proof of the absence of a cephalic phase of secretion. Because of the 
peculiar nature of the ruminant digestive tract there is, however, no real 
need to perform oesophagostomy in order to observe ‘sham-feeding’, since 
a form of this may be simulated by emptying the reticulo-rumen. Because 
of the large capacity of the reticulo-rumen, food, when eaten, then merely 
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Time after feeding (hr) 


Fig. 2. The effect of eating a meal (500 g chopped hay, between arrows) on the 
flow of ingesta from the abomasum. Sheep G.93. Crocker—Markowitz fistula. 


passes to the rumen and remains there for several hours without apparent 
change, providing the forestomachs have been completely emptied and 
washed out. Further experiments were therefore carried out in which such 
a preparation was used. After the reticulo-rumen had been emptied and 
washed free of ingesta the secretion from the abomasal pouches was much 
reduced in volume and contained no free acid. Food was then given to the 
animals and by observation through the rumen fistula it was possible to 
see the swallowed boluses entering the rumen where they gradually accumu- 
lated. The pouch secretion continued to be scanty and did not contain 
any free acid (Fig. 4). This was in marked contrast to the large secretory 
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Fig. 3. The effect on abomasal secretion of distension of the pyloric region of the 
abomasum ; between arrows, pylorus distended with balloon (40 ml. air). Sheep 42. 
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Fig. 4. The effect on abomasal secretion of eating a meal, 150g chopped hay 
(between arrows); reticulo-ruamen empty of ingesta. Sheep H.160. Modified 


Hollander pouch. 
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responses to feeding obtained from the same animals when the fore- 
stomachs contained ingesta. No effect was observed on pepsin secretion 
in any of the animals, even though two of them, H.160 and 37, had shown 
increases in both concentration and output of pepsin after normal feeding. 
In several of these experiments there was a slight to moderate increase in 
secretion some 2-24 hr after feeding. Since ‘sham-feeding’ and feeding 
with the reticulo-rumen empty failed to provoke a secretory response 
from the abomasum it appeared that the large increase in secretion observed 
after normal feeding was caused by an accelerated flow of ingesta into the 
abomasum. There was, however, marked stimulation of pepsin secretion 
in some of the feeding experiments and as pepsin secretion is generally 
considered to be under nervous control it seemed desirable to investigate 
further the possibility of vagal participation in the secretory response. 


The effect of vagal stimulation on abomasal secretion 


Vagal stimulation brought about by insulin hypoglycaemia has been 

employed extensively in studies in gastric secretion (see Bachrach, 1953) 
and although previous investigations (Hitchcock, Karvonen & Phillipson, 
1948; Hill, 19526) had indicated that insulin hypoglycaemia was inhibitory 
to abomasal secretion it was deemed worth while to reinvestigate this point. 

Sheep H 160 and 37 were deprived of food for 24 hr and a fine polythene 
catheter was inserted into the jugular vein immediately before the exper!- 
ment. This made it possible to give injections and to remove blood samples 
with minimal disturbance to the animal. After a control period insulin 
(Burroughs Wellcome, 40 u./ml.) was injected intravenously (0-5 u./kg). 
For the next 30 min there was either no change or a slight depression in 
secretion, but thereafter the volume and acidity increased and reached 
maximum values 1-2 hr later. This.secretory response coincided with the 
fall in blood sugar and was maximal at the time of most pronounced hypo- 
glycaemia. The pepsin concentration in the juice was slightly depressed 
immediately following the insulin injection and then gradually increased 
until it was approximately four times greater than the pre-injection level. 
Pepsin output was markedly elevated during the maximal volume response 
(Fig. 5). Although these results suggested that gastric secretory fibres 
were present in the vagi, another possibility was suggested by the results 
of previous investigations, which have shown that insulin hypoglycaemia 
also produces supermotility of the ramen and reticulum (Le Bars, Nitescu 
& Simmonet, 1953; Hill, 1954). It might therefore be that the insulin- 
stimulated secretion was caused by an augmented flow of ingesta to the 
abomasum. This point was examined in experiments in which the passage 
of ingesta to the abomasum was prevented by emptying the reticulo- 
rumen before the administration of insulin.. 
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As in the experiments described previously the pouch secretion, after 
the forestomachs had been emptied, was reduced in volume and contained 
little or no free acid. After the intravenous injection of insulin (0-5 u. /kg) 
secretion of juice was depressed for 30-60 min, and was then only slightly 
1 | stimulated. However, the pepsin concentration of this juice was again 
increased to about four times the pre-injection value, although the output 
was a great deal less than that obtained when the reticulo-rumen contained 


ingesta (Fig. 6). 
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Fig. 5. The effect on abomasal secretion of insulin 0-5u./kg Iv. at arrow. 
) Reticulo-rumen containing ingesta. Sheep H.160. Modified Hollander pouch. 


Carbamyl-choline chloride (Carbachol; British Drug Houses) given 
: intravenously in a dose of 0-5 mg to two sheep with abomasal pouches 
caused a pronounced increase in the volume, acidity and pepsin concen- 
tration of the juice and in the output of acid and pepsin. The same dose of 
carvachol given to these sheep after the reticulo-rumen had been emptied 
procuced comparable stimulation of pepsin secretion but a smaller acid 
anc volume response, 
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Volatile fatty acids and abomasal secretion 


On completion of those experiments in which the reticulo-rumen had 
been emptied it was the usual procedure to replace the ingesta through the 
rumen fistula. Whilst doing this it was noticed that there was frequently a 
sudden enhancement of abomasal activity. Although the obvious expia- 
nation was that this was brought about by the resumed flow of ingesta to 
the abomasum, it seemed possible that fermentation products present in 
the ingesta might have stimulated secretion after they had been absorbed 
from the rumen. 
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Fig. 6. The effect on abomasal secretion of insulin 0-5 u./kg 1.v. at arrow. Reticulo- 
rumen empty of ingesta. Sheep H.160. Modified Hollander pouch. 
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Confirmation of this idea was obtained from certain of the experiments 
in which sheep were given a meal after the reticulo-rumen had been 
emptied. As described previously there was, in some of these experiments, 
slight stimulation of secretion 2-24 hr after feeding. Because of this time 
lag the secretion then occurring was unlikely to have been associated with 
the act of eating, and since the food boluses, when swallowed, entered the 
ventral sac of the rumen and remained there it was also unlikely that any 
material could have passed on to the abomasum. It was noted, however, 
that the food boluses lying in the ventral sac gradually lost their discrete 


nature and became semi-solid in consistency. This was probably partly 


because of their admixture with saliva but it may have been because some 
degree of bacterial fermentation had occurred. It is difficult to remove 
through a relatively small rumen fistula all traces of ingesta from the 


rumen and the changes observed might well have been brought about by ~ 


bacteria which had remained in the rumen. As an indication, therefore, 
of whether or not fermentation had actually occurred in the rumen the 
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concentration of volatile fatty acid (VFA) was determined in the ingested 
food material. In the 2 hr after feeding the food boluses remained relatively 
solid and it was only after this time that it was possible to obtain adequate 
fluid samples for VF'A estimation. Their concentration was then found to 
increase progressively. It was during this period that the increase in 
secretion from the abomasal pouch occurred (Fig. 4). 
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Fig. 7. The effect of eating a meal (between arrows) on abomasal secretion and on 
the concentration of volatile fatty acid (VFA) in the rumen: the meal was 380 g 
chopped hay + 200 g oats. Sheep K 94. Modified Hollander pouch. 


Because of this apparent correlation between the increase in concen- 
tration of rumen VFA and the increase in abomasal secretory activity in 
sheep with the rumen empty the rumen VFA and abomasal secretory 
patterns were compared in normal feeding experiments (Fig. 7). In most 
of these experiments in which hay and oats were fed it was usual for the 
rumen VF As to increase rapidly to between 100 and 120 m-mole/I. during 
the 2-3 hr after feeding and then to decline slowly over the subsequent 
few hours. For the first 1-2 hr after feeding there was always good cor- 
relation between the rapid increase in VF As and the increase in secretion, 
but after this time there was only rarely any correlation between the two. 
It was in fact usual for the secretory response to subside about this time 
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while the VFA remained high or declined only slightly. Neither does there 
appear to be any relation between the actual concentration of VFA in the 
reticulo-rumen and the rate of secretion from the abomasum, since consider- 
able secretion occurred after kale had been eaten when the rumen VF As 
remained relatively low. 

In an attempt to separate the secretory effects of an increased flow of 
ingesta to the abomasum caused by eating from possible stimulatory 
effects of VF As, food was placed directly in the rumen through the rumen 
fistula. Five such experiments were carried out and in each of them there 
was a small to moderate secretory response. VFA production usually 
increased more slowly than after normal feeding and maximum concen- 
tration was not attained until some 3-4 hr after food had been placed in 
the rumen. Abomasal secretion followed a similar time course. 

These experiments indicated that fermentation products, possibly fatty 
acids, might act as stimulants to gastric secretion, and consequently the 
effect of adding individual fatty acids to the rumen contents was investi- 
gated. Figure 8 shows an experiment in which three separate doses of 
250 m-mole of acetic acid neutralized to pH 5-5 with NaOH were added to 
the rumen contents at hourly intervals. The animal was deprived of food 
for 24 hr before the experiment and during the control collection period the 
secretion was much reduced in volume and acidity whilst the VFA concen- 
tration in the rumen remained steady at a relatively low level. During the 
30 min following the addition of the first dose of acetic acid there was 
considerable stimulation of secretion and this was even greater after the 
addition of the two remaining doses. The level of total VFA in the rumen 
increased rapidly to a maximum of 105 mm, which was well within the 
normal range. One hour after the addition of the last dose of acetic acid 
there was marked reduction in the secretion even though the VFA 
concentration in the rumen had not declined. Pepsin concentration 
and output were increased to approximately twice the control level. 
Acetic a¢id adjusted to pH 6-0, 6-2 and 6-5 with NaOH gave similar results, 
as did the addition of acetic acid to the empty rumen. 

Experiments were also done in which similar amounts of propionic acid 
and butyric acid were added to the rumen. Both of them were found to 
stimulate abomasal secretion although to a lesser extent than acetic acid. 
The results with butyric acid were particularly variable, since either good 
or poor responses were obtained with the same dose of acid. 


As it is generally held (Barcroft, McAnally & Phillipson, 1944) that ‘he ; 


VFA produced during fermentation is absorbed from the forestoma:!is 
and that only small amounts reach the abomasum, it seemed possible t!:at 
the secretagogue effects of the fatty acids were mediated after they had 
been absorbed and were not caused by direct stimulation of the gast vic 
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glands after they had passed to the abomasum. Investigations on the VFA 
content of the abomasal ingesta after the addition of 250 m-mole of acetic 
acid to the rumen gave support to this view, since this did not result in 
any significant change in the amount of fatty acid in the abomasum. 
When, however, larger amounts of acetic acid were added to the rumen 
there was a marked rise in the VFA concentration in the abomasal ingesta. 
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Fig. 8. The effect of adding acetic acid to the rumen contents on abomasal secretion : 
each arrow marks addition of 250 m-mole acetic acid, pH 5-5. Sheep H.160. 
Modified Hollander pouch. 


DISCUSSION 


Because of the relatively poor food value of plant material ruminants at 
pasture spend a considerable proportion of each 24 hr eating, and there is 
therefore frequent addition of fresh food material to the reticulo-rumen 
where it is subjected to microbial fermentation and whence there is a more’ 
or less uninterrupted flow of ingesta through the omasum into the abo- 
masum. It was therefore not surprising to find continuous secretion of 
highly acid juice in the experiments where natural grazing conditions were 
simulated by frequent feeding. Under these conditions there was no obvious 
correlation between feeding and the secretory activity of the abomasum, 
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findings which are in agreement with those of Masson & Phillipson 
(1952). The estimated total daily output of gastric juice under these 


conditions was also in reasonably close agreement with the figures of these | 


authors. Previous investigations (Grosser, 1905; Belgowski, 1912; Hill, 
1952a, 1959a; Kuimov, 1952), also confirmed here, have shown, however, 
that when food is withheld the level of secretion is reduced and that feeding 
is then followed by a marked secretory response. Kuimov also observed 
differences in the volume of juice secreted after different foodstuffs were 
fed, and this finding has received some confirmation in the present investi- 
gations, where the secretory response after hay was less than after concen- 
trate had been eaten. Variations in the gastric secretory response to 
different foodstuffs have been recognized in monogastric animals for many 
years, but they are of particular interest in ruminants where ingested food 
material does not pass directly to the secretory stomach and where the 
composition of the material which passes to the abomasum is probably of 


relatively constant composition. In view of the secretogogue effects of © 


fatty acids it may be that differences in the amounts and relative pro- 
portions of these substances when concentrates are eaten are responsible 
for their more prolonged stimulation of abomasal secretion. Long-term 
experiments with animals on specific diets are needed before the influence 
of particular foods on abomasal secretion can be fully assessed. 

The cephalic phase of gastric secretion in ruminants is generally con- 
sidered to be of little significance. Thus Popov (1932), who appears to have 
been the first to suggest that the reflex phase of secretion is not so marked 
in ruminants, found little difference in the secretory behaviour of vagally 
innervated and vagally denervated gastric pouches in sheep. Espe & 
Cannon (1937), who performed oesophagostomies in calves with Pavlov 
pouches and carried out ‘sham-feeding’ experiments with milk, also 
concluded that the psychic or cephalic phase was absent or of little 
importance. 

‘The ‘sham-feeding’ experiments reported here also indicate that a 
cephalic phase of secretion is absent in the sheep and this was confirmed 
by the fact that the secretory response obtained when normal animals were 
fed was absent when the forestomachs were devoid of ingesta. These 
results show that the presence of ingesta in the reticulo-rumen is necessary 
for the development of a secretory response. Because of the considerable 
increase in reticulo-rumenal movements during eating and the concomitant 
inerease in the flow of ingesta, it seems likely that this accelerated flow 
stimulates the pyloric phase of secretion and is mainly responsible for the 
secretory response. Some supporting evidence for this is provided by the 
increase in secretion observed after pyloric distension. It is recognized 
that there are species differences in the relative importance of the different 
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phases of gastric secretion (James, 1957) and it is perhaps not unreason- 
able to assume, because of the continuous nature of digestion in the sheep, 
that there is no necessity for a rapid outpouring of gastric juice of high 
enzyme content such as is produced during the cephalic phase of secretion 
in the dog. 

The apparent conditioned response observed in some animals at the 
normal feeding time may be explained by the finding of Quin & Van der 
Wath (1938) and Dedashev (1959) that the movements of the reticulo- 
rumen can become conditioned to feeding and that there is supermotility 
of both chambers at the expectation of food. As the response was not 
observed when the forestomachs were empty of food it could not have 
been the result of a conditioned reflex affecting the gastric glands directly. 
The occasional responses obtained when animals witnessed the feeding of 


_ others probably have the same explanation. 


The demonstration of a secretory response to insulin hypoglycaemia was 
at variance with previous results obtained in the lamb (Hitchcock e¢ al. 
1948) and in the goat (Hill, 19526), where inhibition of secretion was noted. 
The reason for this discrepancy is not known but the over-secretion which 
occurred in the present experiments when the reticulo-rumen contained 
food material indicated that the vagi exert considerable control over the 


_ gastric glands. That this control was, however, mainly indirect, was shown 


by the small response obtained when insulin was given to animals in which 
the forestomachs were empty of ingesta. These results again indicate that 
an increased flow of ingesta into the abomasum, provoked by reticular- 
rumenal supermotility, is the most important factor in the stimulation of 
abomasal secretion. | 
The persistence of a small secretory response to insulin hypoglycaemia 
after the forestomachs had been emptied did, however, show that some 
secretory fibres were present in the vagi. The lack of response to sham- 
feeding with the rumen empty therefore suggests that, if there is a vagal 
component in the normal secretory response to feeding, then it must be 
mediated through afferents so situated that they are not stimulated by 


‘sham-feeding. Such would be the case if receptors were located elsewhere 


than the buccal cavity and in this respect it may be pertinent to note that 
sensory nerve endings have, in fact, been demonstrated in the reticulo- 
rumen epithelium (Hill, 1959). Whether these are concerned in the reflex 
control of gastric secretion remains to be seen but it is of interest that vagal 
afferents concerned with salivary secretion have already been described in 
the reticulo-rumen (Kay, 1958). Harper, Kidd & Scratcherd (1959) have 
also shown that stimulation of the central end of the abdominal vagus in 
the cat causes secretion of acid and pepsin in the gastric juice. 


The possibility that a humoral mechanism stimulates pepsin secretion 
PHYSIO. OLIV 
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during the pyloric phase of secretion must also be considered in view of the 
long time lag, observed in the feeding experiments, before maxima! secre- 
tion occurred. Although there is no conclusive evidence thac pepsin 
secretion during the pyloric phase is controlled by other than nervous 
means yet the demonstration of a pepsin-stimulating hormone, gastro- 
zymin (Blair, Harper & Lake, 1953) would, if confirmed, provide an alter- 
native mechanism for pepsin secretion in the sheep. 

Whether or not vagal stimulation plays a part in the secretory process 
the presence of vagal innervation appears to be important in ensuring 
maximum responsiveness of the gastric glands. This was shown by the 
diminished response of denervated pouches and conforms with the general 
conclusion in the literature that denervation reduces the secretory activity 
_of the secretory glands to chemical stimuli. 

The finding that volatile fatty acids, particularly acetic acid, had a 
pronounced effect on abomasal secretion was of interest because of the 
large amounts of these substances produced during rumen fermentation. 
Since it is well established that absorption of these acids takes place almost 
entirely from the reticulo-rumen and omasum (Barcroft et al. 1944) it is 
possible that their secretogogue effects are produced after absorption. On 
_ the other hand Popov (1932) and more recently Ash (1959) have shown that 
the addition of acetic acid directly to the abomasum stimulates gastric 
secretion and Russev (1959) has obtained similar results with propionic 
acid. Ash has also shown that rumen contents, when perfused through the 
abomasum, will increase secretion, and the possibility therefore exists 
that the VF As only exert their effect when they reach the abomasum. 
Since the VFA levels in the abomasal ingesta are usually very low, stimu- 
lation of gastric secretion by this means may not be of very great signifi- 
cance. The lack of correlation between rumen VFA and abomasal secretion 
in the later stages of experiments, where there had been an initial cor- 
respondence between the two, calls for further enquiry but the decline in 
secretion may well have been due to inhibition brought about by the 
. presence of highly acid gastric juice in the abomasum and duodenum. 


SUMMARY 


1. When sheep with innervated abomasal (gastric) pouches were 
allowed food ad lib., secretion of gastric juice was continuous and showed 
no obvious relation to feeding. Fasting greatly reduced secretion and the 
inigestion of food was then followed by a secretory response in which 
maximum output of acid and pepsin occurred 1-1} hr after feeding. 

2. Smaller secretory responses with similar time courses were obtained 
_ from denervated abomasal pouches. 


3. In a sheep with a Crocker-Markowitz cannula feeding after the 
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animal had been deprived of food resulted in an immediate increase in the 


_ flow of abomasal ingesta, which was maximal 1-1} hr after feeding. 


4. Distension of the pyloric region of the abomasum stimulated gastric 
secretion. 

5. Sham-feeding and feeding of sheep in which the forestomachs were 
free from ingesta failed to stimulate abomasal secretion. 

6. Insulin-induced hypoglycaemia produced a secretory response but 
this was mainly attributable to an increase in the rate of passage of 
ingesta to the abomasum brought about by reticulo-rumenal supermotility. 
Direct vagal effects on the gastric glands observed when the forestomachs 
were free from ingesta were confined mainly to stimulation of pepsin 
secretion. 

7. Carbachol stimulated abomasal secretion which was not abolished 
by emptying the forestomachs. 

8. The secretory response to a meal paralleled, in its early stages, the 
increase in concentration of volatile fatty acids in the rumen. Addition of 
food directly to the rumen also.produced a secretory response, which 
paralleled the delayed increase in the concentration of volatile fatty acid 
observed under these conditions. 

9. Acetic acid partially neutralized with NaOH was a potent stimulus 
to gastric secretion when added to the rumen. Propionic and butyric acids 
had smaller and less predictable effects. 

10. It is concluded that the most important stimulus of gastric secretion 
in the sheep is the frequent passage of ingesta from the reticulo-rumen to 
the abomasum and that volatile fatty acids, particularly acetic acid, 
produced during rumen fermentation, may also play a past in the secretory - 
response to feeding. 


I am grateful to Miss K. P. Bradley for her help with the surgery and to Miss V. H. 


_ Alabaster for technical assistance. 
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POTASSIUM IN DIFFERENT LAYERS OF ISOLATED 
DIAPHRAGM 
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Many measurements have been reported of the exchange of potassium 
between isolated tissues and the surrounding fluid. If the tissue is thick, 
then calculations lead to the conclusion that the exchange of potassium 
as measured in the tissue as a whole may be slower than the exchange 
for the individual fibres, owing to the retarding effect of intercellular 
diffusion (Harris & Burn, 1949; Keynes, 1954). When outward movement 
of “K is measured by placing the loaded muscle in ‘flowing inactive 
saline, only the outer layer of cells is in an environment with negligible 
“K; most of the fibres are surrounded by interstitial fluid con- 
taining appreciable 4K and the concentration gradient is correspondingly 
reduced. 

There has been little experimental study of the effect of thickness on the 
exchange rate of tissues, and there is some evidence against the concept. 
Thus McLennan (1955) found only small differences at 20° C in the exchange 
for two muscles which were 3-5 and 0-5 mm thick, and concluded that 
intercellular diffusion was not in this case a rate-limiting factor. A different 
model has been proposed by Harris (1957) who — that the exchange 
may be limited by intracellular diffusion. 

If intercellular diffusion markedly affects the soiree exchange rates, 
then it is important to establish this experimentally, so that corrections 
may be applied where necessary. One consequence of diffusion delays of 
this nature is that exchange will be non-uniform, the outer layers ex- 
changing faster than the inner layers. It was thought possible that this 
might be demonstrated by slicing with a microtome. 

Prolonged hypoxia produces depolarization in the deeper parts of an 
isolated diaphragm, while the superficial fibres show little change 
(Creese, Scholes & Whalen, 1958). There is also a loss of potassium, and it 
might be expected that hypoxia would lead to a depletion of potassium 
particularly from the deep tissues. This was also tested by slicing with a 
microtome. 

Thick muscles (650 1) have been employed, at 38°C. In these circum- 


4 at 
he % 
4 
. 
| 
4 
> 
4 
ia 
g 
3 
a 
‘ i 
Ph 
‘ 


ij 


3 
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stances both the oxygen consumption and the potassium flux are high and 
it becomes easier to demonstrate differences between superficial and deep 
tissues. | 
METHODS 
Animals, Albino rats weighing 160-180 g wére used. 


Saline. The composition was that used by Creese (1954) with 5-9 mm-K, at 38°C. In 


some cases a fraction of the potassium was present as **K..A gas mixture containing 
5% (v/v) carbon dioxide and 95% oxygen was bubbled through the saline. For some 
experiments a mixture of 5% carbon dioxide, 5% oxygen and 90 % nitrogen was used. 

Handling of tissues. The left diaphragm was dissected in oxygenated saline and was 
attached by the rib to a simple holder made of glass rod. The muscles were soaked in saline 
contained in jacketed baths. 

For the study of outward movement of **K the muscles, previously loaded with **K, were 
transferred to a jacketed* bath containing an overflow tube, the arrangement resembling 
that used by Creese, Hashish & Scholes (1958), except that the bath was of a larger size and 
contained 10 ml. fluid. The muscle was suspended in the oxygenated saline so that the rib, 
which was uppermost, was held partly above the surface. A stream of warm saline flowing 
at a rate of 30 ml./min was led into the lower part of the bath; the saline flowed up around 
the muscle and was allowed to escape down the overflow tube. Doubling the flow rate did. 
not increase the rate of exchange of **K. | 

Slicing methods. A solution containing gum acacia was frozen on the stage of a microtome 
and sectioned to provide a flat surface. The muscle was removed from the saline, wiped on 
a tile and carefully laid on the frozen surface, the pleural side being uppermost. The tissue 
was frozen, and the outer edges including the ribs were cut away for a distance of at least 
2mm and discarded. Horizontal sections of the remaining block of muscle were obtained, 
the microtome being set at 50 ». The tissue was maintained frozen by a spray of carbon 
dioxide vapour. Muscles which were incorrectly positioned were discarded as described 


below. 


Analysis of sections. There were usually about 15 sections or fragments of sections, and 
these were transferred to a pitted tile and the tissues were dried during the night at 105° C. 
In most cases the uppermost slice (pleural surface) and the middle slice were selected for 
analysis. The bottom slice was not used, as preliminary expériments showed that 4K could 
sometimes be lost from that part of the muscle in immediate contact with the surface which 
had been frozen. . | : 

The dried fragments of tissue, weighing usually 0+2-0-4 mg, were conveyed by fine 
forceps to a small beaker and weighed to 0-01 mg. The tissues were then placed in tubes and 
dissolved by the addition of 0-1 ml. concentrated nitric acid and 0-1 ml. water, the tubes 
being placed in a boiling water-bath. After 20 min 1 ml. H,O was added. The radioactivity 
in the solutions was compared by means of a well scintillation counter, with the usual 
corrections for background and decay. The activity was usually greater than 1000 
counts.min~'. The “*K in slices was expressed as counts.min~!.mg~! (dry wt.). 

For the results of Table 3 the fraction of **K remaining after soaking out for known times 
was required. The muscles were loaded by being placed in radioactive saline until the ratio 
(radioactivity associated with 1 ug K in muscle): (radioactivity associated with 1 pg K in 
saline) was unity. To obtain the ratio after the tissue had been placed in inactive flowing 
saline it was necessary to estimate the potassium content of the individual slices. This vas 
usually about 2-8 yg K and was too small for convenient measurement by flame photo- 
metry. The potassium content was therefore estimated indirectly from the weight of the 
slice. The assumption that the total potassium concentration is the same at all depths in an 
oxygenated muscle is tested below (Table 1). In practice the upper slice (pleural surface), 
middle slice, and the remainder of the upper half of the muscle were weighed and dissolved 
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in nitric acid, and the radioactivity was measured. The contents of the tubes were then 
pooled and the total potassium was obtained by flame photometry. The potassium was 
allocated to the outer and middle slices on a weight basis, and the radioactivity associated 
with 1 »g K was calculated for the slices and for the tissue as a whole. The radioactivity 
associated with 1 yg K in the original saline was also obtained. 


RESULTS 
The effect of hypoxia 

The effect of hypoxia in producing loss of potassium from muscles was 
confirmed. Diaphragms were soaked for 5 hr at 38° C in saline which was 
changed at intervals. With a gas mixture of 95% (v/v) oxygen and 5% 
carbon dioxide the potassium content was 361+ 7-4 uwmole/g dry wt. 
(s.z. of 6 measurements). The value obtained by Creese (1954) was 
374 umole/g dry wt. Muscles gassed with 5 % oxygen, 5° carbon dioxide 
and 90% nitrogen had a potassium content of 156 + 6-9 wmole/g dry wt. 
(6 measurements). These muscles were pale and did not twitch when they 
were cut. The whole diaphragm was used in the analysis, including the 


edges. 


From the electrical records obtained by Creese, Scholes & Whalen (1958) it was inferred 
that the loss of potassium found above was chiefly from the deeper layers of the muscle, and 
efforts were made to prove this by the microtome method. Early attempts were inconclusive, 
but it was found that the effect could be demonstrated providing tho following conditions 
were satisfied. The net loss of potassium was over half, on a dry weight basis. The tissues 
were thick, at least 650 when stretched. After soaking, the muscles were placed flat on the 
frozen surface for sectioning. The edges (which were probably better oxygenated than the 
other parts) were widely cut away. Muscles which appeared to be slanting or wrinkled when 
sectioned were discarded. In practice about two-thirds of all muscles which were soaked 
were considered unsatisfactory and only those in which sectioning appeared to be faultless 
were accepted for subsequent analysis. Consistent results were obtained by these procedures. 


Table 1 gives results obtained on normal and hypoxic muscle. All the 
diaphragms were soaked for at least 5 hr in saline containing “*K, with the 
gas mixture of 95° oxygen and 5 % carbon dioxide, and in this time the 
°K and 42K became uniformly mixed (Calkins, Taylor & Hastings, 1954; 


Creese, 1954). After this time the radioactivity of the slice was taken as a 


measure of the potassium content. 
The left-hand column of Table 1 gives the ratio of the potassium content 
of the middle slice to that of the outer slice (pleural surface) for muscles 
which had been oxygenated normally. The mean value was close to unity, 
being 1-01 + 0-044 (s.x. of 11); the range was large, from 0:81 to 1-22. 
Muscles which had been treated for 5 hr in the above manner were subse- 
quently made hypoxic by the use of a mixture containing 5% oxygen for 
a further 5 hr. It was found that the ratio was always lower than the 
control values (Table 1), being 0:44 + 0-044 (s.x. of 10). This was taken to 
indicate a diminished potassium content of the middle slice. 
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Hypoxia produces various artifacts in the course of outward movement 
of 42K. In Fig. 1 the muscle, previously loaded for 4 hr with **K, has been 
placed in inactive flowing saline, the apparatus being similar to that used 
by Creese (1954) except that the oxygen jet which is normally directed on 
the muscle was withdrawn. In these circumstances the oxygenation is 
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Fig. 1. Outward movement of “*K from diaphragm which received insufficient 
oxygen from the start of the washout. There is net loss of potassium (see text). 
The ordinate gives the **K r&maining in the tissue on a semi-log. scale. The curve 
could be described as the sum of two exponential terms. 


TaBLE 1. The effect of hypoxia on the potassium in the middle slice of the muscle compared 


with that in the outer slice. The results are expressed as ratios, calculated on a dry-weight 
basis 


Oxygenated Hypoxic 

(95% Oy, 5% COs) (5% Oy, 5% CO, 90% Ni) 
0-89 0-45 
0-95 0-64 
0-99 0-39 
1-19 0-29 
0-81 0-61 
1-09 0-46 
0-93 0-23 
1-15 0-31 
1-22 0-53 
0-82 0-53 
1-08 

Mean 1-01 0-44 

S.E. 0-044 0-044 


The hypoxic muscles show diminished [K] in the middle slice (P < 0-01). The potassium 
content of the slices was measured by a method involving “K. 
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insufficient and there is a net loss of potassium (Creese, 1954). If the curve 
relating radioactivity to time is plotted on semi-logarithmic paper, there is 
now a pronounced kink in the curve (Fig. 1). Similar results were obtained 
in eight experiments. These curves could be expressed as the sum of two 
exponentials. Figure 1 may be contrasted with the results obtained when 
full oxygenation is employed with no net loss of potassium, which gives a 
smooth curve with only a small change in the slope as time proceeds (see 
Fig. 8, Creese 1954). | 


Tase 2. “K in slices after inward movement for 20 min 
(counts.min~!.mg~! dry wt.) 


Ratio 
Outer slice Middle slice middle: outer 


1395 | 745 0-61 
1400 987 0-70 | 
1429 1210 0-80 
1675 1063 0-52 
2556 1933 0:69 
2506 2313 0:87 
1888 1187 0°44 
1712 1343. 0-74 
3410 2660 0:78 
1718 1327 0°77 
Mean 0-69 
S.E. 0-04 


The uptake of the middle slice after 20 min is less than that of the outer slice (P < 0-01). 


Inward movement of *2.K 


Muscles were soaked for 2 hr in saline gassed with 95% oxygen and 5% 
carbon dioxide, and were then transferred for 20 min to saline whose . 
potassium was partly in the form of ##K. The muscles were removed and 
sliced with the microtome, and tissues which had been sectioned satis- 
factorily were analysed for radioactivity. Table 2 gives the ratio of 
activity in middle slice to that in the outer slice. All muscles which were 
counted gave values less than unity, the mean being 0-69 + 0-040 (s,z. of 
10, P < 0-01). This is taken as evidence that uptake is non-uniform, the 
fibres in the depths of the tissue showing delayed exchange. Some 2% of 
the total potassium is extracellular (Creese, 1954); no correction has been 
made to allow for this factor. es 


Outward movement of 
Diaphragms were soaked for 4 hr in saline containing **K, so that eK 
and “K became completely mixed. The tissues were gassed with 95% 
oxygen and 5% carbon dioxide. The muscles were then placed for known | 
periods in inactive flowing saline and were subsequently sectioned and 
analysed. Table 3 shows the fractions of ##K remaining in the outer slice, 
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the middle slice, and in the muscle as a whole. In the case of the outer and 
middle slices it was not possible to estimate the potassium content meenly, 
and an indirect method was used as described above. 

The rate constant for the whole muscle over the first 30 min was 1-0 hr-, 
and f, the fraction of #*K remaining in the whole muscle, was 0-607. 
Previous results with somewhat thinner diaphragms gave 1-2 hr—1 (Creese, 
Neil & Stephenson, 1956). It can be seen from Table 3 that in each of 
14 muscles the fraction remaining in the middle slice is greater than that of 


TABLE 3. Outward movement of 
Middle Outer Whole Apparent rate 
Time slice slice muscle coefficient (hr~') 


After 30 min 0-827 0-397 0-638 
0-713 0377 0-588 . 
0-590 0-361 0-530 
0:797 0-498 0-674 
0-750 0-360 0-641 
0-712 0-456 0-574 
Means 0°732 0-408 0-607 1-00 
After 60 min 0-322 0-215 0-309 
0-522 0-182 0-385 
0-465 0-263 0-354 
0-341 0:230 0-307 
Means 0-415 0-222 0-339 1-08 


After 90 min 0-352 0-222 0-291 
0-184 0-060 0-176 
0-258 0-153 0-214 
0-236 0-170 0-209 


Means 0-258 0-151 0-222 1-00 


Results are expressed as the fraction of **K remaining in the middle and outer slices and 
in the tissue as a whole after the muscle, previously loaded with **K, had been placed in 
inactive flowing saline. The last column gives the rate coefficient for the whole muscle. The 
fraction was unity at the start of the washout. : 


the muscle as a whole, while the fraction in the outer slice is smaller. This 
supports the view that the **K in the superficial layers is lost compara- 
tively quickly, while that in the deeper fibres lags behind. The over-all 
average ratio of the fractions remaining in the inner and outer slices is 1-81. 
It is possible that this may be an under-estimate and that the extreme outer 
fibres exchange even more rapidly (see below). 


Theoretical distribution of *2K across the muscle 


Figure 2 represents a section across the muscle of thickness 650 p after 
30 min of outward movement of 4#K. The ordinate gives the fraction of 
“2K which remains after this time, calculated by the method of Harris & 


30 min the distribution becomes U-shaped and symmetrical, convex up- 


Burn (1949) as described below. At zero time the value was unity and after . 
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wards, the fraction which remains at the edge of the muscle being smaller 
than that in the centre portion. The dotted line gives the mean value, 
which from Table 3 is 0-607. 


1-0 


Fraction remaining 


0 200 400 600: 


Distance from pleural surface (yz) 
Fig. 2. Distribution of 4#K across a thick diaphragm (650 y) after outward move- 
ment for 30 min, obtained from equations of Harris & Burn (1949). Ordinate gives 
fraction remaining; the initial fraction was unity. Abscissa gives distance from 
pleural surface. The dotted line gives the mean for the whole muscle. 


The combination of exponential kinetics across the cell membrane plus intercellular 
diffusion has been treated by Harris & Burn (1949). The measured exchange of the outer 
fibres is faster than that of the deep fibres because the cells are in different environments: 
the content of **K in the intercellular fluid differs from that of the external saline because 
of diffusion lags. 

In calculations of the distribution of **K across the muscle the nomenclature of the above 
authors has been retained, except that k is here used in place of k, and their term D/)? has 
been replaced by aD’ where a is the fraction by volume of intercellular space and D’ is the 
apparent diffusion coefficient of potassium in the interspaces (Carey & Conway, 1954; 
Keynes, 1954). With this adjustment it can be shown that there is agreement between 
Harris & Burn (1949) and Keynes (1954) as regards the corrections to be applied to the 
experimental results to allow for the effect of intercellular diffusion (Creese e¢ al. 1956). In 
the following treatment mean values are considered for the results obtained after outward 
movement. of 4#K for 30 min (Table 3), and other values for diaphragm are those used by 


*Creese et al. (1956). Approximations have been used when the precision of the data did not 


justify more elaborate treatment. 
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After outward movement of “*K for 30 min the fraction of “*K remaining is 0-607. This 
equals exp (—k’t) where k, the apparent rate constant for the whole muscle, is 1-00 hr-!, 
The constant r is obtained as follows: 


bk, =r (1) 


Here b, the fractional volume of the fibres, is 0°55; k, = 25 k where k is the true rate constant 
for outward movement of “*K and 26 is the ratio of internal to external potassium; /, the 
muscle thickness, is 0-065 cm; D/A? is aD’ or 0-28 x 5-2 x 10-* cm*.sec~*. Then r = 4040 k. 
Except for J, the muscle thickness, these values have been taken from Creese (1954). 

The fraction f of radioactivity remaining after time t may be expressed by equation 


(86) of Harris & Burn (1949) in the following form: : 

Now f is 0-607 and ¢ is 1800 sec. By trial and error, r is found to be 4-0, so that kt is 1-78 

and k is 3-56 hr-!. This indicates that k’/k is about 0-28 for this thick muscle. The fraction 
remaining in the outermost portion is thus exp (— kt) or 0-169, as shown in Fig. 2. 

It can be shown that when r approaches zero then the expression in equation (2) 

approaches exp (—kt), as given by a single fibre or a thin muscle for which the diffusion lag 

is negligible. 


The fraction remaining in the centre of the muscle was obtained by the use of equation (5) 
of Harris & Burn (1949) in the Pia simplified form; 


— mkt 3 
(2n+ 


For the values after 30 min, £ is 3-5 hr-'. The fraction is given by the sum of a slowly con- 
verging oscillating series, and for 13 terms the value is 0-802. This has been used in Fig. 2. 
Thus in Fig. 2 we have the calculated value at the outer edge of the muscle, the value at 
the centre, and also the mean. The curve was obtained by setting up an arbitrary U-shaped 
function which satisfied the above requirements. This function is 
f = fo—cz*—dz*, (4) 
where f is the fraction remaining after washout for 30 min at a distance z from the centre, 
fo is the value at the centre (= 0-802), and z is expressed for convenience in arbitrary units 
such that there are 3 in each half thickness. With a total thickness of 650 p, each arbitrary 
unit of distance equals 108-34. The constants ¢ and d are 0-0450 and 0-00844, respectively. 


A somewhat similar procedure for obtaining the radioactivity at various depths in the 
muscle has been used by Harris & Burn (1949). 


Comparison of results with theory 


From the theoretical distribution shown in Fig. 2 it is expected that the — 


values of the outer edge and at the centre should differ appreciably from 
the mean for the whole muscle, From Table 3 the differences found by 
experiment are smaller than those predicted. 


Comparison is rendered difficult because the depth of the slices is not known with pre- 
cision. Thus the ‘centre slice’ was probably within the middle 100 » (50 p either side of the 
mid line), and from Fig. 2 the average value is 0-796. The experimental value is 0-732. In 
the case of the ‘outer slice’ the first section was accepted if it appeared to be over 25 
thick; small outer snippets less than 25 » thick were discarded and the first full slice of 5\) » 
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was taken. This policy would yield an estimate of the average value of the outer 75 p. In 
Fig. 2 the outer 75 » averages 0-322, as compared with the experimental value of 0-408. 

The rate constant of the individual fibres may be calculated from the mean value by 
meéans of equation (2), or obtained from the experimental results. From Table 3, fy is 0-732 
at the centre when z is zero. Also f is 0-408 for the ‘outer slice’, and if this may be considered 
as 75 » thick we may take z as approximately 37 » from the outer edge, or 2-65 units from 
the centre. Two points on the curve are known, and there is an additional requirement that 
the mean is 0-607. An arbitrary function can be set up similar to that in equation (4) which 
fulfils these conditions. In this case f, is 0-732, c is 0-0175 and d is 0-0107. Then the value of 
f at the outer edge, where z is 3 units, is 0-285. The rate constant k for the fibres is hence 
{—(1/t)Inf} hr- or 2-51 hr-. 


TABLE 4. Expected and experimental results after outward 
movement of **K for 30 min 


Expected Experimental 


Fraction remaining in whole muscle — 0-607 
Fraction remaining in centre slice 0-796 0-732 
Fraction remaining in outer slice 0-322 0-408 | 
Apparent rate coefficient for whole muscle (hr~*) — 1-00 
Rate coefficient of fibres (hr-") 3-5 25 


The values for the expected results have been obtained by use of the equations derived 
by Harris & Burn (1949). 


Table 4 summarizes the findings for 30 min. It is evident that the 


experimental differences between layers are somewhat less than those 


anticipated from the combination of diffusion plus exponential kinetics. 
The theory over-corrects the experimental findings. Taking the values for 


the rate constant of the fibres, the ratio of the experimental value to the 


calculated figure is 0-70. If the ‘outer slice’ is taken as giving the value for 
the outer 50 p, then the ratio is 0-60. 


DISCUSSION 


Following Hill’s paper (1928), the effect of intercellular diffusion on the 
exchange between an isolated tissue and the surrounding fluid has been 
discussed repeatedly, with conflicting findings in the case of ion exchange. 
It has not been easy to devise methods which gave consistent results, and 
initial failures were obtained in the present investigation. Any method of 
slicing which is employed should first be used to demonstrate the effects of 
anoxia; if a difference can be shown between inner and outer parts of the 
muscle, then the method can be used with reasonable confidence in other 
situations. It should be emphasized that it was only possible to obtain 
consistent results with thick muscles of 650 ,.; the findings were equivocal 
with thinner tissues. | 

Though qualitative differences between the outer and inner slices were 
demonstrated the quantitative aspect was less satisfactory. After every 
allowance had been made it was found that the retarding effect of diffusion 
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was only some 60-70% of that which was expected from the equations 
given by Harris & Burn (1949) and Keynes (1954). There are of course 
many uncertainties in these estimations and these include errors in the 
measurement of the apparent diffusion coefficient of potassium and other 
constants, the simplifications introduced into the model whereby the 
muscle is treated as a flat homogeneous slab, and the necessary mathe- 
- matical approximations. As Keynes (1954) states, the equations are likely 
to over-correct for the effects of diffusion and produce an exaggerated 
result. Thus Creese ef al. (1956), when studying potassium exchange in 
diaphragm, considered that to obtain the true rate constant of the fibres 
from the measured rate constant of the whole tissue it was necessary to 
multiply the latter value by a factor of about three. The present findings 
imply that a factor of two would be more appropriate, and the calculated 
values for the potassium flux and also the amount of potassium lost per 
twitch (Creese, Hashish & Scholes, 1958) may be too high. 

Diaphragm muscle must be regarded as a ‘thick’ tissue in which correc- 
tions are required in kinetic studies of potassium movements. As regards 
isolated amphibian muscle, Keynes (1954) has given reasons for regarding 
ion exchange in the toe muscle as unaffected by extracellular diffusion, at 
- room temperature. Conway (1957) has shown that ion exchange in frog 
sartorius muscle in certain circumstances at 0—3° C is such that the thick- 
ness does not affect the process, and the preparation can be treated for this 
purpose as though single fibres were being used. There is some doubt 
regarding frog sartorius muscle at room temperature. Keynes (1954) 
calculated that diffusion delayed exchange of potassium by a factor of 

about three when the muscle was exposed to the solution on one side, and 
the correction was very nearly as large in the case of muscles immersed on 
both sides in unstirred solution. If the solution is well stirred then the 
correction should be appreciably smaller. Taking the example in which thé 


measured exchange rate is 0-088 hr-! at 16° C (Keynes, 1954) and the other — 


factors including the diffusion coefficient of potassium through the inter- 
spaces are as for the single-sided case, then it can be shown that M’, the 
apparent flux, is 4:9 pmole.cm-?.sec-! and the true flux obtained by 
Keynes’s method is 6-5 pmole.cm-?.sec~. The diffusion factor is then 


about 1-3, and this might not be detected by the slicing methods used. 


above. Harris & Steinbach (1956) sectioned muscles into. three longi- 
_ tudinal slices after uptake of **K for various times and were unable to 
detect differences in specific activity between the inner third. and the 
outer portions. 

It is possible by vigorous oxygenation to maintain the potassium con- 
tent of diaphragm muscle for many hours at values found in vivo (Creese, 
1954). Many isolated mammalian preparations are used with only a trickle 
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of oxygen, and it is not known whether aeration is sufficient in these condi- 
tions. Anoxia in diaphragm muscle leads to loss of potassium and depolari- 
gation of inner fibres (Creese, Scholes & Whalen, 1958), as well as the 
changes in distribution of potassium shown in Table 1. With inadequate 
oxygenation there also appears a prominent kink in the washout curve 
when the activity remaining in the tissue is plotted against time on semi- 
logarithmic paper. The radioactivity remaining in the muscle could now 
be described in terms of the sum of two exponential processes, and this is 
probably due to the differences between normal cells in the superficial part 
of the muscle and the anoxic depolarized central fibres. When curves of 
this nature are met elsewhere it is necessary to ensure that they are not 
artifacts associated with a net loss of potassium. 


SUMMARY 


1. Rat diaphragms (650 » thick) were soaked in saline and the flat 
muscles were frozen and sliced horizontally with a microtome. After 
normal oxygenation the potassium contents of deep and superficial layers 
were similar, as measured on a dry weight basis by a method involving the 
use of | 

2. After prolonged hypoxia, obtained by reducing the oxygen in the gas 
mixture to 5%, the inner fibres were depleted of potassium, the ratio 
middle: outer slice being 0-44 (mean of 10). 

3. In oxygenated saline the exchange of ##7K was non-uniform, being 
slower in the deeper fibres. After uptake for 20 min the “K in the outer 
slice exceeded that in the middle slice. After outward movement into 


inactive saline for 30-90 min the superficial fibres lost more *#K than the 


deeper fibres, the ratio middle: outer slice being 1-81 (mean of 14). 

4. The kinetic results are consistent with the view that the exchange 
rates of thick tissues may be diminished by intercellular diffusion. The 
differences found between superficial and deep layers were less than those 
predicted by the assumption of diffusion kinetics plus exponential 
exchange. ‘ 


The author wishes to thank Professor F. L. Warren for use of the micro-balance and 
Professor Clifford Wilson and Dr D. C. Pennington for use of the scintillation counter. The 
author is also indebted to Mr J. F. Linder for instruction in the use of the microtome. 
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EFFECTS OF THYROXINE ON THE SYNTHESIS OF 
CHOLESTEROL AND FATTY ACIDS BY CELL-FREE 
FRACTIONS OF RAT LIVER : | 
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From the Medical Research Council Experimental. Radiopathology 
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(Received 3 June 1960) 


We have shown elsewhere (Fletcher & Myant, 1958) that the synthesis 
of cholesterol from acetate by rat liver slices is increased if the rat is given 
injections of thyroxine before the liver is removed. If mevalonic acid, 
instead of acetate, is used as the precursor of cholesterol, this effect is 
absent or only just detectable. When the daily dose of thyroxine is 20 yg 


_ or more, synthesis of fatty acids by the liver slices is depressed. It was 


suggested that treatment with thyroxine stimulates cholesterol synthesis 
by acting upon a rate-limiting step between acetate and mevalonic acid, 
and that the depression of fatty acid synthesis might be due to a deficiency 
of ATP. 3 

In this paper we describe experiments designed to test whether these 
effects of thyroxine can be localized in one or other of the fractions of the 
liver cell.. Cholesterol (Bucher & McGarrahan, 1956) and fatty acids 
(Langdon, 1955; Seubert, Greull & Lynen, 1957) have been shown to be 
synthesized in vitro by homogenates of mammalian liver from which the _ 
heavier subcellular particles have been removed. We have therefore 
studied cholesterol and fatty acid synthesis in such preparations, obtained 
from the livers of thyroxine-treated and normal rats. 


METHODS 


Animals. The rats were albino males of an inbred strain, weighing 120-200 g. The treated 
animals were given sodium-u-thyroxine (20-50 yg in 0-2 ml. water) daily for 9 days by 
intraperitoneal injection under light ether anaesthesia. The solutions of thyroxine were made 
by dissolving the required amount in a small quantity of water with the addition of one 
drop of 20% NaOH, and then diluting to 100 ml. with water. Control animals were similarly 
injected with 0-2 ml. of an alkaline solution containing no thyroxine. During treatment 
with 20 or 30 wg of thyroxine per day, the weight gain and food consumption of the 
treated rats did not differ significantly from that of the controls. When the daily dose of 
thyroxine was 50 ug, the treated animals gained less weight than the controls. 

Prcparation of tissue. At the end of the treatment, the animals were killed by breaking 
thei: iecks, The livers were removed as rapidly as possible and placed on ice. Homogenates 
were then prepared from the pooled livers of each group of treated and control rats, 
10 PHYSIO. CLIV 
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according to the technique of Bucher & McGarrahan (1956) as modified by Popjak, Gosselin, 
Gore & Gould (1958), in buffer of the following composition: 0-1 mM potassium phosphate 
buffer at pH 7-4; 0-005 m magnesium chloride; 0-03 m nicotinamide; 0-003 m glutathione. 
Nuclei and tissue debris were removed from the homogenate by centrifuging at 2000 g for 
25 min. Mitochondria were removed from the supernatant of the first spinning by centri- 
fugation at 10,000 g for 20 min. The supernatant from this second spinning is designated S,,. 
To separate the microsomes, 8,, was spun in a Spinco preparative ultracentrifuge at 
104,000 g for 1 hr. The supernatant fraction (S,,,) was decanted from the pellet (M) con- 
taining microsomes and glycogen. Pellet M was then suspended in a volume of buffer equa] 
to one quarter of the volume of §,,,, by gently stirring with a small glass homogenizer, and 
was again spun at 104,000 g for a further 60 min. 8,.4 was also centrifuged a second time to 
throw down any residual microsomes. After the washed microsomes had been spun, fraction 
M was suspended in a volume of buffer equal to 1/10 the original volume of 8, ,. All these 
operations were carried out at 0° C. It has been shown (Popjak et al. 1958) that fraction M 
prepared by this method contains no mitochondrial cytochrome and that only cytochrome 
b, is present. 

Incubation of tissues. The following abbreviations are used in this paper: DPN and 
DPNH, diphosphopyridine nucleotide in oxidized and reduced form; TPN and TPNH, 
teipennphaey cities nucleotide i in oxidized and reduced form; ATP, adenosine triphosphate ; 
EDTA, ethyl tetraacetate. All incubations were carried out in duplicate in a 
standard medium containing the following substances, other substances being added in 
addition to these: DPNH, 1 umole; TPN, 0-5 umole; glutathione, 20 ymole; EDTA, 
3-5 umole. [1—C]-sodium acetate (20 wmole containing 5 pe dissolved in 0-25 ml. buffer) 
or [2-4C]-mevalonic acid (5 umole containing 1 yc in 0-05 ml. buffer) was added as the 
precursor for cholesterol and fatty acid synthesis. Either 2-5 ml. of 8,,, or 2-5 ml. of §,,, 
plus 0-25 ml. of microsome suspension (M), was added to each incubation flask (vol. 50 ml.) 
and the volume made up to 3-5 ml. by the addition of buffer. Incubations were carried out 
with a gas phase of air, in a tant-temperature bath at 37° C for 2 hr, with constant 
shaking. 

Extraction of cholesterol and fatty acids. After incubation, 1 ml. of saturated NaOH, 
3 ml. of ethanol and 2 mg of cholesterol in ethanol were added to the flasks and the contents 
saponified by heating at about 70° C for 2 hr. Cholesterol was extracted from the alkaline 
hydrolysate with light petroleum ether and precipitated as the digitonide. The digitonide 
was filtered on to weighed perforated planchettes containing a disk of filter paper, washed 
and dried. For extraction of the fatty acids, the residue of the original saponification 
mixture, plus the washings from the petroleum ether extracts, were acidified and extracted 
twice with petroleum ether. The petroleum ether was washed once with 0-1% acetic. acid 
and twice with water, and evaporated to dryness, the residue being dissolved in chloroform. 
The fatty acids in the chloroform were titrated with 0-1 N-NaOH to a pink colour with 
phenolphthalein. The soaps were evaporated to dryness, dissolved in a little water, and 
transferred to weighed planchettes containing lens paper. The o eanehenies were then dried 
and weighed. 

Measurement of radioactivity. Radioactivity was measured with a mica window G-M 
counter (EHM 2/8, G.E.C. Research Laboratories). All counting rates. were corrected to the 
rate at ‘infinite thickness’ by means of standard self-absorption curves. 


RESULTS 
Synthesis of cholesterol and fatty acids in S,. fraction 


Our first aim in these experiments was to see whether the effects of 
thyroxine treatment on the synthesis of lipid by liver slices could also be 
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observed in cell-free fractions of liver. Groups of rats were given daily 
injections of 20, 30 or 50 yg of thyroxine. Synthesis of cholesterol and 


_ fatty acids was then compared in the §,, fractions prepared from each 


group of #reated and control rats. The results of each experiment were 
expressed as the ratio of the counting rate at ‘infinite thickness’ of 


cholesterol digitonide or soaps of the treated, to that of the control Sto 


fraction. 
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Daily dose of thyroxine (ug) 
Fig. 1. Effect of thyroxine on synthesis of cholesterol from acetate (OQ) and 
mevalonic acid (A), and of fatty acids (@), in 8,. fraction of liver. Each point 
represents the results obtained from one experiment in which the values’ from 
duplicate incubations of tissue from the pooled livers of six treated rats were 
compared with the corresponding values from six control rats. Points show ratio 
of treated to control values. : 


The effect of thyroxine on the synthesis of cholesterol from acetate 
varied with the dose given. With 20 yg of thyroxine, there was an increase 
in synthesis (Fig. 1) comparable with that in slices. With 30 and 50 yg 
there was usually a moderate depression of synthesis. When mevalonic 
acid was used as the labelled precursor, doses of 20 or 50 wg of thyroxine 
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had little or no effect on cholesterol synthesis; with 30 Hg, synthesis was 
slightly increased (Fig. 1). 

Synthesis of fatty acids was depressed after ‘sabandn’ with thyroxine 
at all three dose levels (Fig. 1). 


Synthesis of cholesterol and fatty acids in fractions obtained from Sy, 
The results obtained with S,, show that effects of thyroxine treatment 
can be observed in fractions of liver cells from which nuclei and mito- 
chondria have been removed. The next step was to see whether these } 
effects could be localized either in the particles sedimenting at 104,000 g 


TaBLe 1. Effect upon cholesterol and fatty acid synthesis from acetate of recombining §,,, 
and M fractions from treated and control livers and of removing and adding glycogen 


{ 

Fractions recombined 

dose of Sio4(7') Sioa(T) 

thyroxine S104(C) Sigel S104(C) S104(C) +M(T) 
(ug) +M(C) +M(T) M(C) +M(T) +M(C) +G(C) +4, 

20 Cholesterol 2607 9001 4705 

Fatty acids 2925 1412 3560 1030 — — — 

30 Cholesterol 3588 382 3620 285 866 2615 3830 
Fatty acids 2485 554 2574 524 1250 1096 1723 

50 Cholesterol 2712 662 2994 941 

Fatty acids 1893 816 2092 7716 


Sio4(C) and §,,,(7'), supernatant fractions obtained after spinning §,, from control and 
treated rats at 104,000 g; M(C) and M(T'), sediments from spun at 104,000 g; M(C), 
fraction obtained by removing glycogen from M(C); G(C), glycogen from M(C); Gx; 
glycogen prepared from normal rat liver by Somogyi’s method (Somogyi, 1934). 

Each value is the average counting rate (counts/min) at ‘infinite thickness’ of the 
digitonide or soap obtained from paired incubation flasks. The values in each pair from a 
given pooled preparation usually differed from each other by less than 10%. 


(M fraction) or in the supernatant (S,,, fraction). M andS,,, were obtained 
from the livers of thyroxine-treated and control rats. The two fractions 
from the treated rats (M(T7') and §,,,(7')) were then recombined with the 
fractions from the control rats (M(C) and §,,,4(C)) as shown in Table 1. 
These recombinations were tested for their ability to synthesize cholesterol 
and fatty acids from acetate. 

Table 1 shows some of the results obtained with livers from rats given 
daily injections of 20, 30 or 50 ug of thyroxine. The increase in cholesterol 
synthesis occurring after 20 ng of thyroxine seems to be due to an effect 
upon both fractions, since both the recombinations which contained a 
fraction from the treated livers (S,,,(7') + M(C) and Sy04(C) + M(TL)) synthe- 
sized more cholesterol than the recombination in which both fractions 
were derived from the control livers (S,),(C)+M(C)). When there was a 
decrease in cholesterol synthesis the effect was confined to the M fraction, 
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since the recombination 8,,,(C)+ M(7’) synthesized less cholesterol than 
did the control recombination, whereas §,,,(7')+M(C) synthesized a 
normal amount. Similarly, the decrease in fatty acid synthesis, observed © 
at all three dose levels, was due to an effect on the M fraction of the 
treated livers. 


Fractionation of the microsome pellet 


The finding that the inhibitory action of thyroxine on cholesterol aud 
fatty acid synthesis is due to an effect on the M fraction led us to examine 
this fraction in more detail. When the S,, from a normal rat has been spun 
at 104,000 g, the contents of the tube are separated into several layers, as 
described by Popjak e¢ al. (1958). A thin layer of fat floats on top of a 
clear red solution occupying about 4/5 of the tube; this is the S,),. Beneath 
this is a pellet consisting of two sharply differentiated layers. The upper 
one is opaque and red and contains the microsomes; the lower one is 
a clear pale yellow and consists mainly of ‘glycogen and a few heavy 
microsomes. In preparations from the livers of thyroxine-treated rats, the 
glycogen layer was found to be much diminished or absent, the amount 
present being roughly dependent on the dose of thyroxine given. After 
doses of 30 or more pg/day, glycogen could seldom be detected by the 
naked eye. 

This suggested that the inhibitory action of thyroxine might be due toa — 
reduction in the amount of glycogen in the preparations tested for 
cholesterol and fatty acid synthesis in vitro. In order to test this possi- 
bility, synthesis from acetate was studied in control preparations from 
which the glycogen was removed, and in treated preparations, obtained 
from rats given 30 yg of thyroxine per day, to which glycogen was added 
in vitro. By gently shaking the M fraction with a little buffer, the layer of 
microsomes could be separated almost completely from the glycogen. 
Recombinations could then be made containing either S,9,(C) with the 
control microsome pellet from which the glycogen had been removed 
(M(C)), or Sy94(7’) with M(7') to which exogenous glycogen or the glycogen 
from the control preparations had been added. Removal of the glycogen 
from the control preparations depressed synthesis of cholesterol and fatty 
recombining Sio4(7') with M(T'’) (Table 1). When the glycogen from the 
control liver preparations was added to the recombination containing 


Sio:(7’) and M(T), synthesis of cholesterol and fatty acids was increased, 


though it was not fully restored.-When exogenous glycogen (10 mg) was 
added, synthesis of cholesterol was usually restored to the normal level, 
and synthesis of fatty acids was increased to a greater extent than with 
glycogen from the M(C) fraction (Table 1). 
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DISCUSSION 


These results show that, under certain conditions, our findings with 
liver slices can be reproduced in the cell-free extracts described in this 
paper. With low doses of thyroxine (20 g/day), there is a two- to three- 
fold rise in cholesterol synthesis from acetate. With higher doses, however, 
synthesis is usually reduced. When mevalonic acid is used as substrate for 
cholesterol the results observed after 20 and 30 yg of thyroxine/day are 
similar to those obtained with slices—there is either no change, or a small 
increase in synthesis. At all dose levels the effect of thyroxine treatment on 
the synthesis of fatty acids was similar to that observed in slices. 

An important difference between slices and the cell-free preparations 
used here is the absence of mitochondria from the latter. Mitochondria, by 
bringing about oxidative phosphorylation, provide most of the ATP 
within a normal liver cell. Since mitochondria were removed from our 
preparations, the ATP available for synthesis must have been limited to 
that present in the soluble fraction, plus that generated by glycolysis. 
ATP is required in considerable amounts for the synthesis both of 


cholesterol and of fatty acids. For the synthesis of cholesterol from 


acetate, 1 mole of ATP is required for the formation of each of 
18 moles of acetyl CoA, and a further 18 moles of ATP are required for 
the phosphorylation of the 6 moles of mevalonic acid formed from the 
- acetyl CoA (Cornforth, 1959). The steps by which fatty acids are synthe- 
sized in mammalian liver are not fully understood, but at least 9 (Lynen, 
1959), and possibly up to 18 (Titchener, Gibson & Wakil, 1958) moles of 
ATP are required for the synthesis of one mole of fatty acid containing 
18 carbon atoms per molecule. : | 

Since such large quantities of ATP are required for the formation of 
cholesterol and fatty acids, homogenates from which the mitochondria 
have been removed might be expected to have little capacity for synthesis. 
However, Bucher & McGarrahan (1956) concluded that in their prepara- 
tions glycolysis could supply all the ATP required for cholesterol synthesis, 
and in our preparations from control rats, synthesis of fatty acids and 
cholesterol was comparable with the amounts formed in slices. In the 


homogenates from treated rats, on the other hand, glycogen, which is a _ 


substrate for glycolysis, was reduced or absent. In these preparations, 
therefore, the supply of ATP may have been limited by a shortage of 
glycolytic, as well as of oxidative, phosphorylation. This suggests that 
when there was a depression of cholesterol and fatty acid synthesis from 
acetate (Fig. 1 and Table 1) it was due to a reduction in the supply of ATP 
generated by the break-down of glycogen. This is supported by the finding 
that synthesis of both substances was increased by adding glycogen to the 
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treated preparation and was depressed by removing glycogen from the 
controls (Table 1). It must be pointed out, however, that fatty acid 
_ synthesis could never be restored to the control level by addition of 
glycogen. 

With doses of thyroxine sufficient to depress the es of cholesterol 
and fatty acids from acetate, there may be no depression of cholesterol 
synthesis from mevalonic acid (Fig. 1). Since ATP is required for the 
formation of cholesterol from mevalonic acid, this may appear to conflict 
with our suggestion that the low synthesis from acetate is due to a shortage 
of the glycolytic source of ATP. However, there is no reason to assume 
that a fall in the concentration of ATP would have the same effect on 
synthesis from mevalonic acid as from acetate. If, for example, the — 

enzymes phosphorylating mevalonic acid have a higher affinity for ATP 
_ than those concerned in the activation of acetate in the presence of ATP, 
a fall in the concentration of ATP might reduce synthesis from acetate 
before it-had any effect on synthesis from mevalonic acid. 

A deficiency of glycogen might depress synthesis by diminishing the 
supply, not only of ATP, but also of TPNH and DPNH. Since both these 
co-enzymes are probably required in their reduced forms for the synthesis 
of cholesterol (Bucher & McGarrahan, 1956; Popjak et al. 1958) and fatty 
acids (Langdon, 1955), some mechanism for keeping them reduced may be 
necessary if synthesis is to take place. In the liver, an important reaction 
leading to the reduction of TPN to TPNH is the oxidation of glucose-6- 
phosphate. This substance is formed either from glucose or as an inter- 
mediate in the break-down of glycogen. DPN is also reduced by the 
oxidation of a substance derived from glycogen (3-phosphoglyceraldehyde). — 
Shortage of glycogen could, therefore, cause a diminution in the amounts 
of TPNH and DPNH formed in the cell-free preparations. 

In slices from thyroxine-treated rats there is a depression of fatty acid 
synthesis (Fletcher & Myant, 1958). It is generally believed that most of 
the ATP required for syntheses in the whole cell is generated by oxidative 
phosphorylation in the mitochondria. If this is so, a shortage of glycogen 
should not affect the supply of ATP needed for fatty acid synthesis in — 
slices. Possibly the fall in glycogen content affects fatty acid synthesis in 
the slices by interfering with the supply of reduced co-enzymes. The well- 
known action of thyroxine in inhibiting oxidative phosphorylation in the 
mitochondria (Lardy & Feldott, 1951; Martius & Hess, 1951; Niemeyer, 
Crane, Kennedy & Lipmann, 1951) is unlikely to be the cause of the 
depression of fatty acid synthesis, since this inhibition has been observed 
only after doses of thyroxine many times larger than those we have used. 

A deficiency of glycogen may well be the main factor causing a fall in 
cholesterol and fatty acid synthesis in the cell-free es mera It must 
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be admitted, however, that it cannot, by itself, explain the rise in 
cholesterol synthesis from acetate that occurs in slices with doses of 
thyroxine varying from 10 to 500 yg/day (Fletcher & Myant, 1958); nor 
can it explain the rise observed in the cell-free preparations after 20 yg 
of thyroxine. 


SUMMARY 


1, The synthesis of cholesterol and fatty acids was measured in vitro 
in cell-free fractions of liver from rats injected with thyroxine. 

2.. In the fraction from which particles sedimenting at 10,000 g had 
been removed, there was an increase in cholesterol synthesis from acetate 
after 20 wg of thyroxine and a fall after 30 and 50 wg. Fatty acid synthesis 
was depressed after 20, 30 and 50 ug of thyroxine. 

3. The depression of synthesis of cholesterol and fatty acids was due to 
an effect in the particles sedimenting at 104,000 g and could be partially 
reversed by addition of glycogen; removal of glycogen from the cell-free 
preparations led to a depression of synthesis. 

4. It is suggested that the depression of synthesis brought about by 
treatment with thyroxine | is due eo * to a nee of glycogen in the 
liver cells. 
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The rectal temperature of the new-born rat closely approximates to that 
of its environment. The ability of the rat to maintain a relatively constant 
body temperature in the cold is fairly well developed by the age of 3 weeks. 
Adolph (1957) concluded, largely from the work of Antoschkina (1939) and 
Fairfield (1948), that the new-born rat does not respond to cold with an 
increase in heat production (as indicated by an increase in O, consumption) 
until the age of 3-4 days. If this were true, then the new-born rat would 
differ from the new-born of most mammalian species in this respect. 
Rabbits (Giaja, 1925; Adamsons, 1959), cats (Leichtentritt, 1919; Hill, 
1959), dogs (Gelineo, 1957; McIntyre & Ederstrom, 1958; Adamsons, 1959), 
pigs (Mount, 1959), sheep (Cross, Dawes & Mott, 1959), rhesus monkeys 
(Dawes, Jacobson, Mott & Shelley, 1960) and human infants (Day, 1943; 
Briick, Briick & Lemtis, 1958) all show a metabolic response to cold shortly 
after birth. Adolph’s conclusion does not agree with the findings of Gelineo 
& Gelineo (1951) and Hahn & Koldovsky (1958) which suggest that the 


_ new-born rat is to some extent capable of increasing O, consumption in the 


cold shortly after birth. 

As the new-born rat is now so widely used in experimental work it was 
decided to determine in more detail the influence of age on minimal O, con- 
sumption, on the neutral environmental temperature at which O, con- 
sumption is minimal, and on the maximal increase in O, consumption that 
is observed with cooling. Observations were also made on the effect of 


- varying the O, content of the inspired air on the O, consumption of young 


rats at the neutral environmental temperature, and on the effect of 
breathing 50% 0, on the metabolic response to cold. A’ preliminary 
account of this work has been given (Taylor, 1960). 


METHODS 


Wistar rats of either sex were placed in a glass chamber which formed part of a closed 
Systern of about 300 ml. volume, through which air was circulated at approximately 
1:5 1./min by means of an aquarium aerator. Carbon dioxide was absorbed by soda-lime, 
and the oxygen consumed in the system was replaced automatically. As O, was consumed 
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the movement of a sensitive spirometer attached to the system opened a mercury contact, 
which started a roller-pump; this introduced O, into the system until the mercury contact 
was closed once more. The roller-pump was fed with oxygen from a second spirometer which 
was refilled once every 4 min. The movements of both spirometers were recorded on a 
smoked drum, as illustrated in Fig. 1. The closed system was almost entirely immersed in a 
-water-bath maintained at constant temperature to within 0-1°C. After abrupt changes of 
bath temperature of 2° C the temperature within the system reached a new equilibrium 
within a few minutes. The O, content of the system was changed by flushing with O,:N, 
mixtures at 1-5 1./min for 2-3 min, and the O, content of the effluent gas was measured with 
a Beckmann O, analyser, which was checked by gas analysis with a Haldane apparatus. The 
rate of O, consumption was corrected to and is expressed as dry gas at s.t.p. 


Rats were removed from the nest immediately before the start of an experiment. The 


mother always accepted them back if they were returned at the end of the experiment. 
Usually 6-7 new-born rats were placed in the respiration chamber at one time; fewer rats 
were put in the chamber as their age.and size increased. Three-week-old rats were, with one 
exception, investigated singly. Thus the total weight of the rats, or rat, used for each experi- 
ment was \asually 30-40 g. The environmental temperature was lowered progressively in 
steps of 1-5° C (Fig. 2). O, consumption was recorded for three or more 4-min observation 
periods after a steady rate of O, consumption was reached following each charige in environ- 
mental temperature. In experiments on the influence of the O, content of the inspired air 
on O, consumption, each test period was bracketed by periods during which the rats 
breathed room air. Blood was obtained by decapitation. Lactate was measured by Barker 


& Summerson’s (1941) method, and glucose by the ee method (Huggett & 


Nixon, 


RESULTS 
Breathing air 


All rats, even on the first day of life, showed an increase in O, consumption 
on exposure to a cold environment (Fig. 1). Figure 2 shows the rate of 0, 
consumption in three experiments on rats aged 4 hr, 23 hr and 21 days (at 
the beginning of the experiment), at different environmental temperatures. 
The 4-hr-old rats ( x ) showed only a very small increase in O, consumption 
between 38 and 31°C. In the 23-hr-old rats (©) there was a large increase 
in O, consumption when the temperature was reduced below 36° C, and 


365°C 29-8° C 
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Fig. 1. Six rats, 19 hr old, 82-7 g in all. Records of O, consumption (a) and of 
closed-circuit volume (b) at an environmental temperature of 36-5° C (within the 
neutral zone) and at 29-8° C, Time marker, 1 min. 
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there appeared to be a neutral zone between 36 and 38° C. In the 21-day- 
old rat (@) the neutral zone extended from about 34 to 38° C, and below 
this there was a progressive increase in O, consumption down to 11° C, the 
lowest temperature studied. | 

These experiments illustrate the change in metabolic response to a 
lowered environmental temperature with increasing age. In the youngest 
rats, less than 6 hr old, which had not been suckled, there was only a trivial 


120 r- 
100 F bad 
_ 
+ 
a OOF 
a 
: 
x 
x 
20 F x =~ 
10 14 18 22 26 30 34° ce 


Environmental temperature (°C) 


Fig. 2. Measurement of O, consumption per unit body weight at different environ- 
mental temperatures in a group of rats 4 hr old ( x ), in rats 23 hr old (O) and one 
rat 21 days old (@). . : 


increase in O, consumption, and it was often difficult to define the neutral 
zone. Only five experiments on this point are illustrated in Fig. 3, in which 
are shown the minimal O, consumption at the neutral temperature (A) and 
the maximal O, consumption observed in the cold (A). However, a number 
of other observations at this age confirmed these findings. | 
Between 6 and 48 hr of age there was a small increase in the minimal rate 
of O, consumption recorded at the neutral temperature, from a mean of 
19-7 to 28-7 ml./kg.min (Fig. 3, A, 0, ©). There was little further change 
over the next 3 weeks. The maximal oxygen consumption on exposure to 
cold increased rapidly in rats which had been suckled (i.e. more than 6 hr 
old) to about 50 ml./kg.min at 48 hr of age, and thereafter more slowly 
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(Fig. 3, @, m). In rats which were 3 weeks old O, consumption increased 
from about 30 ml./kg.min at the neutral temperature to as much as 
112 ml./kg. min in the cold. This may not have been the maximum possible 
_O, consumption because, as in the experiment illustrated in Fig. 2 (@), the 
environmental temperature was not reduced below 10° C. 
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Fig. 3. The minimal (A, O, (1) rate of O, consumption at the neutral temperature 

and the maximal rate (A, @, M@) in a cool environment has been plotted for rats of 

different ages, before suckling (A, 4) and placed in the respiration chamber either 
together (O, @) or separated by partitions 


Figure 4 shows the range of the neutral temperature zone (vertical bars) 
and the temperature at which O, consumption was maximal ( x ) at dif- 
ferent ages. The neutral zone varied considerably in rats of the same age. 
Five of the seven litters of 4-12-hr-old rats had relatively low neutral 
environmental temperature zones (33—35-5° C) while the other two litters 
of rats of this age had higher neutral environmental temperatures, similar 
to those observed for rats 18 hr to 14 days of age. Three-week-old rats had 
lower neutral environmental temperature zones, ranging from 30-5 to 
36° C. 

The environmental temperature at which the maximal rise in O, con- 
sumption was observed increased from 29-6 + 0-7° C (s.x.) in $-12-hr-old 
rats to 31-1 + 0-4° C in rats 18-51 hr old. This difference is not significant. 
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There was a fall in this temperature between 2 and 5 days after birth which 
continued to 3 weeks. The figure given for the temperature at which O, 
consumption was maximal in four of the six 3-week-old rats may be too 


high. 
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Fig. 4: The range of neutral environmental temperatures (vertical lines) and the 


temperature at which O, consumption was maximal ( x ) plotted against age from 
birth. 


Hill & Hill (1913) showed that, when 2-month-old rats were placed 
together in a calorimeter, their heat production dropped considerably 
below that of rats studied singly. Litters of rats 1-14 days old were there- 


_ fore divided, and one,half was placed together in the respiration chamber 


while the other half was segregated, one from the other, by double parti- 
tions. In a number of such experiments the rates of O, consumption were 
compared at the neutral temperature and in the cold. The differences 
observed were such as to be expected, in that the neutral temperature was 
a little lower and the maximal increase in O, consumption was a little 
higher in the grouped than in the separated litter-mates. However, as 
Fig. 3 (0, m) shows, these differences were small, particularly when com- 
pared with the very large changes observed with increasing age. 

The rats were in direct contact with the glass wall of the respiration 
chamber, which was immersed in water at a temperature about 0-5° C 
lower than that of the air in the respiration chamber. Antoschkina’s (1939) 
observations suggest that the rectal temperature of the rats would be 
l-2° © higher. It seemed possible that the rats might lose heat rapidly 
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because they were normally placed in direct contact with the glass, which 
has a relatively high thermal conductivity. To test this possibility groups 
of young rats were placed alternately in the glass cylinder or in a Perspex 
cylinder lined with cardboard, both at the neutral temperature and in the 
cold. There was no significant difference in O, consumption in the two 
cylinders. 


The rats were least active at the neutral temperature; the unfed new- 


born rats were more active than any others. As the temperature was 
reduced, by steps of 1—2° ©, all the rats showed increased activity, which 
usually subsided somewhat within a few minutes. With extreme reduction 
of temperature, to below 30° C in new-born rats and below 15° C in 3-week- 
old rats, they became torpid. The rate of respiration, and the depth so far 
as it could be judged, increased in all rats in a cool environment. Slight 
shivering was always seen in 3-week-old rats below 20° C, but not in younger 
rats. Rats less than 12 days old have little hair; pilo-erection was apparent 
in the cold by 2 weeks of age, when blanching of the skin was also seen. In 
new-born rats the skin was very red and did not change colour when the 
environmental temperature was reduced to just below 30°C, when O, 
consumption began to decrease. 

When the environmental temperature was raised above the neutral zone, 
as shown by an increase in O, consumption, there was a considerable in- 
crease in activity at all ages. This increased activity persisted in very young 


rats, but soon subsided in older ones. The respiration rate increased in rats 
all ages. 


Breathing O, at high or low concentrations at the 
neutral temperature 
Rats 0-1, 3-4 and 14-15 days old were exposed at the neutral tempera- 
ture, which was determined while breathing room air in each experiment, 
to 50, 18, 15 and 10% O, in that order. Each period of exposure was pre- 
ceded and followed by 12-20 min periods, during which the rats breathed 
room air, as is shown in Fig. 5. The O, consumption while breathing room 


air remained constant during these experiments within 1-2 ml./kg.min, 


except after exposure to 10% O,. 

Inhalation of 50% O, was usually associated with a slight increase in O, 
consumption (Fig. 6). There did not appear to be any systematic difference 
with age. Most of the rats increased their activity on exposure to 50% 03; 
the 0-1-day-old rats sustained this increase for the period of exposure, but 
the activity of the older rats soon returned to the level observed when they 
were breathing room air. 

A reduction in the O, concentration of the inspired air to 18 % or less in 
0-1-day-old rats, in all but one litter; caused a considerable fall in O, con- 
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sumption (Fig. 6). There was an even greater fall when the 0, concentra- 
tion was lowered further. In older rats 0, consumption was well maintained 
on 18 and 15% Og, but there was still a profound fall on 10 °%% O,. All the 
. rats showed increased activity and cyanosis on 15°, 0,; some of them 
. became ashen coloured and developed slow gasping respiration on 10% O, 
Even a short period of exposure to 10% O, at the neutral sWhispinatake 
caused some deaths. 

In three litters each of 8-10 rats 20-45 hr old the neutral temperature 
was determined while breathing room air. Half of each litter was removed 
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“200 “240 
Minutes 
Fig. 5. Nine rats, 1 br old, 48-0 g in all, at their neutral temperature, 35-7° C. 
Administration of 50% O, caused little change in O, consumption, but 18 % O, or 
less caused a fall in O, consumption. 
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Fig. 6. Observations on rats of different ages, all at the neutral temperature, of the 
change (%) in O, consumption as compared with that breathing room alr, on ex- 
n- posure to 50% O % O, (A), 15% O, (x) or 10% O, (@). 
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and the blood lactate was determined. The other half was exposed to 15% 
O, for } hr, and the blood lactate was then found to be considerably higher 
than that of their litter-mates (Table 1). In only one rat breathing air was 
the blood lactate as high as that of any of its litter-mates breathing 15% 
O,. There was no significant difference between the blood glucose levels of 
the two groups of rats. : 

TABLE 1. Mean blood lactate levels in new-born rats exposed to air or to 
15% O, for hr 
Mean blood lactates (mg/100 ml.) 


Breathing _—Breathing 
air 


Litter 15% O, 
A 14-1 23-4 
B 13-7 19-2 
14-9 31°5 
wt 
I 
8 
60k 
8 
20 
4 8 12 16 20 24 
Days 


Fig. 7. Observations on the O, consumption of rats of different ages, at tempera- 
tures such that O, consumption was near maximal, breathing either room air (O) 
or 50% O, (@). 


Breathing 50% O, in the cold 


Rats 0-3}, 6-7, 11-13 and 21-22 days old were exposed for about } hr 
to 50% Oy, at the environmental temperatures predicted (from Fig. 4) to 
stimulate the maximal metabolic response to cold, Each period of ex- 


> 
* 


o> o> 


‘OXYGEN CONSUMPTION IN RATS 161 


posure to 50% O, was bracketed by periods of about } hr during which the 
rats breathed room air. | 

Breathing 50% O, (Fig. 7, @) was associated in each experiment with a 
small increase in O, consumption, when compared with the mean of the O, 
consumption values for the periods when the rats breathed room air 
(Fig. 7, ©). The absolute increase in O, consumption was greatest in the 
oldest rats. However, when expressed as a proportion of the control values, 
both 0-} and 21-22 day-old-rats had increases of 9-15 %, and most of the 
6-7 and 11—13-day-old rats had smaller increases. All the rats showed in- | 
creased activity on 50% O,. The 21—22-day-old rats, which shivered slightly 
in room air, began to shiver more vigorously and more frequently when 
placed in 50% O,; shivering became weaker when they were returned to 
room air. The 11, 12 and 13-day-old rats did not shiver when breathing 
room air, but began to shiver slightly several minutes after they were put 
in 50% O,; shivering then persisted when they were returned to room air. 
The 0-3 and 6—7-day-old rats did not shiver on exposure to the cold in 
either air or 50% Oy. 


DISCUSSION 
The metabolic response to cold 


The results demonstrate that the O, consumption of the new-born rat 
increases when the environmental temperature is lowered from 35 to 
29° C, thus confirming the findings of Gelineo & Gelineo (1951). Antosch- 
kina (1939) likewise found an increase in the O, consumption of 2-7-day- 
old rats when the environmental temperature was dropped from 35 to 
20-30° C, and Bari¢ (1953) observed an increase in the O, consumption of 
4-5-day-old rats when the ambient temperature fell from 38 to 30°C. 
On the other hand, both Gulick (1926) and Fairfield (1948) concluded that 
the rat does not increase 0, consumption on exposure to cold for the first 
few days of life. It is likely that the large and abrupt drop in the environ- 
mental temperature from 35 to 20° C in Fairfield’s experiments obscured, 
by rapid tissue cooling, any transient increase in O, consumption that her 
0-3-day-old rats might have shown. : 

There was an increase in the metabolic. response of the rat to cold 
between the ages of 4 and 24 hr (Fig. 3). This also is consistent with the 
observation by Gelineo & Gelineo (1951) that rats 3-5, 13-15, and 23-25 hr 
old, at an environmental temperature of 29-30° C, had O, consumptions 
of 26, 42 and 57 ml./kg.min, respectively. The further, more gradual, in- 
crease in the rat’s maximal 0, consumption in the cold between 24 hr and 
3 weeks of age agrees well with Antoschkina’s findings (1939). Recalcula- 
tion of her data shows that the maximal O, consumption in the cold rose 


from 62 ml. /kg.min in 2—7-day-old rats to 112 ml./kg.min in 3-4-week-old 
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rats. The metabolic response to cold also increases in dogs from birth to — 
3 weeks of age (Gelineo, 1957; McIntyre & Ederstrom, 1958), and also in 
monkeys (Dawes et al. 1960), and in human infants from birth to 9 days of 
age (Briick et al. 1958). 

The most striking increase in the metabolic response of new-born rats 
to cold occurred soon after they had begun to feed. Bari¢ (1953) found that 
4-5-day-old rats, unfed for 24 hr, showed a decrease in O, consumption 
when the environmental temperature was lowered from 38 to 30°C. 
Mourek (1958) also observed a large decrease in O, consumption in 2-3- 
week-old rats studied at 26° C after a 24-hr fast. Therefore the small meta- 
bolic response to cold in unfed rats may be related to lack of carbohydrate 
reserves. Certainly there is a very large rapid fall in liver glycogen in rats 
after birth (Stafford & Weatherall, 1960). 

Factors other than feeding might modify the metabolic response to cold | 
during the first hours of life. The new-born rabbit (Adamsons, 1959) and 
the new-born lamb (Cross e¢ al. 1959) show a considerable increase in both 
the minute volume of breathing and in O, consumption when changed from 
the neutral to a cold environment. An inadequate ventilatory response 
might limit the O, consumption of the new-born rat, as might the pulmonary 
diffusion capacity for O,, the rate of pulmonary capillary blood flow, or the 
transfer of O, from the blood to the tissues. Exposure of new-born rats in 


the cold to 50% O, caused only a small increase in 0, consumption, less | 


than the increase which was observed with increasing age (Fig. 7). It — 
therefore seems unlikely that the metabolic response to cold in new-born 
rats is limited to any significant extent by the uptake of O, by the lungs. 
It is probable that the increase in the metabolic response to cold with age 
represents, in part, an adaptation to the change in environmental tempera- 
ture from about 38° C in utero to the nest temperature of about 32° C. 
The gradual increase in the maximal O, consumption in the cold between 
1 day and 3 weeks of age takes place during a time of rapid improvement 
in the rat’s ability to maintain a relatively stable body temperature in the 
cold. This improvement in thermoregulation is due, in part at least, to 
factors that reduce heat loss (Adolph, 1957). Therefore it is not possible to 
conclude that the maximal potential for heat production of a 3-week-old 
rat is superior to that of a 1-day-old rat at a given cool environmental 
temperature, since the heat production of the younger rat will be depressed 
to a greater extent than that of the older rat by its lower body temperature. 
Nor is it justifiable to compare the O, consumption of immature rats of _ 
different ages at the same body temperature, as the environmental tem- 
peratures, and therefore the skin temperature gradients (which probably 


provide stimulation for increased heat side ctr will be different at 
different ages. 
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The results also confirm Antoschkina’s observations (1939) on the pro- 
gressive decrease in the environmental temperature at which the maximum _ 
metabolic response to cold occurs between birth and 3 weeks of age. The 
progressive improvement in thermoregulation in the — explains this 
change. 


Minimal 0, consumption in new-born rats 


Three studies carried out on young rats at or near the neutral tempera- 
ture must be considered. Gelineo & Gelineo (1951) found an increase in O, 
consumption from 19 to 28 ml./kg. min between the ages of 3-5 and 23-25hr 
in rats investigated at 35-36° C. Fairfield (1948) in experiments at 35° C 
observed an O, consumption of from 21 to 36 ml./kg. min in rats 0-17 days of 
age, and found no correlation between O, consumption and age. Antosch- 
kina (1939) noted mean values of 36~-42 ml./kg.min in 2-day-3- week- 
old rats at 35° C. The minimal O, consumption increased 32°% in the 
present investigation, from a mean of 19-7 ml./kg.min in 0—7-hr-old rats 
to a mean of 28-7 ml./kg.min in 2-day-old rats; this agrees well with the 
findings of Gelineo & Gelineo. The data on minimal O, consumption for 
rats 18 hr—3 weeks old are within the range of Fairfield’s observations and 
below the mean values given by Antoschkina. The explanation for this 
_ discrepancy is probably that some rats from | to 14 days of age have 
their neutral temperature above 35° C, at which Antoschkina made her 
measurements. 

An increase in O, consumption shortly after birth has been found in all 
the mammalian species in which this has been investigated. This increase 
is two- to threefold in lambs (Dawes & Mott, 1959), monkeys (Dawes et al. 
1960) and pups (Gelineo, 1957) studied at the neutral temperature. Mount 
(1959) noted a 50% increase in O, consumption in pigs at 30° C (several © 
degrees below their neutral environmental temperature) between 10-18 hr 
and 1-6 days. It can be estimated from his Fig. 3 that a 20% increase in 
O, consumption occurred over this period of time in pigs studied at 36— 
_ 38° ©, which is at.or above their neutral temperature. Briick et al. (1958) 
found a trivial increase in the 0, consumption of full-term human infants 
between birth and 4-6 days of age. They were investigated at 32-35° C, 
which may be the neutral environmental zone for the infant, though more 
information is required. Cross, Tizard & Trythall (1958) noted a 20% in- 
crease in O, consumption between birth and 3 days of age in full-term and 
premature infants, but it is likely that these infants were below the neutral 
environmental temperature. : 

lt will be seen that the increase in minimal O, conadiiation after birth 
is certainly much less in rats than it is in lambs, monkeys and puppies. 


This might be due to the relative en of the rat at birth, but it 1s 
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also pertinent that the rat increases in weight about sixfold during the 
first 3 weeks of life. Consequently we should expect the ratio of surface 
area to weight to be halved during this period and, other things being 
equal, the metabolic rate per unit body weight to decrease in 
proportion. 


The neutral temperature zone in young rats 


One of the principal reasons for undertaking the experiments which 
have been described was to define the neutral temperature zone in rats, its 
variation with age and its variation from one litter to another at the same 
age. The neutral environmental temperature drops from about 35° C at 
2 weeks of age (Fig. 4) to the adult range of 28-30° C between 6 weeks and 
2 months of age (Benedict & MacLeod, 1928; Antoschkina, 1939). The 
beginning of the fall in neutral environmental temperature coincides in 
time with development of effective insulation by the young rat (Adolph, 
1957). The neutral temperature is also higher in the new-born dog (McIntyre 
& Ederstrom, 1958) and in the new-born human baby (Briick et al. 1958) 
than in the adult of these species. 7 

The difference that may occur between neutral temperature zones in 
young rats of the same age (Fig. 4) makes it imperative that the neutral 
zone should be defined in each experiment if one wishes to speak of minimal 
OQ, consumption with certainty. In some instances the neutral zone for 
rats during the first day of life was above 36° C; it was about 34°C at 3 
weeks of age. The investigations carried out on young rats at environ- 
mental temperatures of 31° C or less, with the intention of determining the 
influence of age on minimal metabolism, must be considered in this light 
(Davis,: 1937; Kibler & Brody, 1942; McCashland, 1951; Grad, 1953; 
Klieber, Smith & Chernikoff, 1956). | 

For the same reason, the observations of Mourek (1959) are also difficult 
to interpret. He measured the respiratory rate in rats of different ages, 
breathing air and during hypoxia, at 32 and 26° C. He chose 32° C as the 
‘most usual nest temperature (which would agree with my observations). 
However, 32°C was below the neutral environmental temperature for 


almost all rats aged 0-21 days (Fig. 4), and Dawes & Mott (1959) and _ 


Adamsons (1959) have shown that the ventilatory response of young rabbits 


to hypoxia varies with the environmental temperature below the neutral 
zone. 


It is well known that the new-born rat will survive total anoxia in 


nitrogen for a very long period, about 28 min at 35° C (Stafford & Weather- 
all, 1960). The survival time, to the last gasp, falls rapidly after birth to 
reach the adult value of 2-3 min at just under 3 weeks. One of the possible 
factors in this remarkable change is the increase in minimal metabolic rate 
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_ ‘after birth. The present experiments suggest that this is unlikely to be a 


factor of much importance, since in the rat the increase in minimal O, 
consumption is small, and occurs within 2 days of birth. 


O, consumption and hypoxia at the neutral temperature 


The decrease in O, consumption of the new-born rat at the neutral 
environmental temperature when placed in 18 and 15% O, was un- 


expected. The minimal O, consumption of young kittens (Hill, 1959), and 


of new-born rabbits (Adamsons, 1959), lambs (Cross e¢ al. 1959) and monkeys 
(Dawes et al. 1960) is not reduced until the O, concentration of the inspired 
air is lowered to about 10% at the neutral temperature. New-born human 
infants show a decrease in heat production (Brodie, Cross & Lomer, 1957) 
and a decrease in O, consumption (Cross et al. 1958) when breathing 15 °/, 
Q,. It is not known that these infants were at the neutral environmental 
temperature; the extra metabolism in the cold is very susceptible to 
hypoxia. | 

Mourek (1959) has investigated the effect of breathing 10% O, on the O, 
consumption of young and adult rats at 32-33° C, i.e. well below the neutral 
environmental temperature for the youngest rats, and above the neutral 
temperature for adult rats. He found a 70° decrease in O, consumption 
in rats at birth, a progressively smaller decrease up to 4 weeks of age, and. 
no decrease in adult rats. His results may be, in part, a reflexion of the 
decrease in the rat’s neutral environmental temperature that begins at 
about 2 weeks of age. It is also difficult to compare the present values with 
the results of others on the effect of hypoxia on O, consumption of adult 
rats. Most of these studies were done at environmental temperatures of 


—22-25°C (Blood, Elliott & D’Amour, 1946; Rothschuh, 1947; von 


Fliickiger, 1956); the neutral temperature zone of the adult rat is 28-30° C 
(Goto, 1923; Benedict & MacLeod, 1928). Lintzel (1931) has shown that 
the O, consumption of adult rats at low atmospheric pressure is much 
reduced at environmental temperatures below the neutral temperature. It 
can at best be inferred from these papers that a moderate decrease in O, 
consumption can be expected in adult.rats when the O, concentration of 
the inspired air is lowered to about 10% at or slightly below the neutral 
temperature. 
O, consumption was well maintained in 3-5- and 14-day-old rats breathing 
18 and 15 % O, at the neutral temperature. The most likely explanation of 
this difference between the new-born and the 3-5-day-old rat is that the 
ven ‘ilatory response to hypoxia increases over this time. Adolph (1957) . 
has reported a marked increase in pulmonary ventilation in 1-2-day-old 
rats exposed to a low O, pressure (44 mm Hg = 6% O,), which regresses 
to near control values in a few minutes. Six- to nine-day-old rats respond 
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better to the same O, pressure and maintain the increased ventilation for 
an hour or more. The depth of breathing increased while respiratory rate 
changed little in these experiments. Yet these observations were made at 
an environmental temperature of 33° C or less (Adolph & Hoy, 1960) and 
hence may not be applicable to the present observations. 

The decrease in O, consumption of new-born rats breathing low-0, 
mixtures could signify either inadequate uptake of O, (in which case blood 
and tissue pO, would fall and the resulting energy debt might be partially 
met by anaerobic glycolysis) or a decrease in blood flow to certain regions 
of the body. New-born rats are certainly hypoxaemic when breathing 15 °/, 
O,, as they show generalized cyanosis and an increase in blood lactate 


(Table 1). This does not exclude the possibility that reduction of flow in | 


certain vascular beds might further reduce the O, consumption of young 
rats in 15% O,. 


O, consumption, shivering and hyperoxia in the cold 

Gulick (1926) states that rats first shiver in the cold shortly before 11 
days of age. In the present experiments shivering was noted regularly in 
19-22-day-old rats, but was not seen in 12—14-day-old rats breathing room 
air. Observations on the increase in, or initiation of, shivering in young 
rats breathing 50% O, are in accord with von Euler & Sdderberg’s (1958) 
finding that anaesthetized adult cats shiver more while breathing 100 °% O,. 
The modest increase in O, consumption of young rats breathing 50% O, 


may be explained by the initiation or augmentation of shivering in 11—22- 


day-old rats, and the increase in activity seen in 0—-22-day-old rats. 

Mourek (1959) has compared the O, consumption of young and adult rats 
when breathing air or 100 ° O, at environmental temperatures of 32-33° C. 
Rats 0-3 days old had a 22% increase in O, consumption, while rats 3-4 
weeks old and adult rats showed no change in O, consumption on 100%, 
O,. The most likely explanation for the observations is the decrease in the 
neutral environmental temperature of rats that takes place between birth 
and 3 weeks of age (Fig. 4). Rats show little change in 0, consumption on 
50% O, at the neutral temperature (Fig. 6) and Mnuiok’s 3—4-week-old 
rats must have been at or near the neutral temperature. 


SUMMARY 
1. The rate of O, consumption was measured in unanaesthetized rats 


- from birth to 22 days of age, at the neutral temperature and in the cold. 


2. The mean minimal O, consumption, at the neutral temperature, of 
new-born rats which had not been suckled was 19-7 ml./kg.min. It rose 
to 28-7 ml./kg.min by 2 days, and remained at this level up to 3 weeks 
from birth. 
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3. The neutral temperature zone extended over a range of up to 2°C 
between 33 and 38° C for the first 6 days of life. It covered a wider and 
lower temperature range by 3 weeks of age. 

4. On exposure to cold there was always a rise in 0, consumption. This 
rise was small in rats which had not been suckled; it increased rapidly from 
6 hr of age onwards. The rise was even greater by 21 days of age while the 
environmental temperature at which O, consumption was maximal fell 
from about 30° C to below 20° C. | 

5. At the neutral temperature exposure of 0-1-day-old rats to 18%, 


15 or 10% O, in place of room air, caused a fall in 0, consumption. Rats 


3-14 days old maintained their O, consumption well on 18 or 15% O,, 


but there was a profound fall on 10% O,. The O, consumption of young 


rats did not change significantly on 50% O,. 

6. In a cold environment, at which O, consumption was near maximal, 
exposure of 0-22-day-old rats to 50% O, caused an increase in O, 
consumption. 


I wish to express my deep appreciation to Dr G. 8. Dawes for his guidance and assistance 
during the course of this study, and for his help in preparation of the manuscript. I am also 
most grateful to Dr Anne Stafford for her help ir measuring the blood lactate, and to A. 
Ryder for technical assistance. This work was supported in part by a special traineeship 
(BT-466) from the National Institute of Neurological Diseases and Blindness, United States 
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ESTIMATION OF TOTAL BODY WATER (VIRTUAL TRITIUM 


SPACE) IN THE RAT, CAT, RABBIT, GUINEA-PIG AND MAN, 
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Isotopes of water (deuterium oxide and tritium oxide) have been used 
for the determination of total body water in certain mammalian species 
(Hevesy & Hofer, 1934; Pace, Kline, Schackman & Harfenist, 1947; 
Soberman, Brodie, Levy, Axelrod, Hollander & Steele, 1949; Haigh & 
Schnieden, 1956; Langham, Eversole, Hayes & Trujillo, 1956; Fallot, 
Aeberhardt & Masson, 1957). However, the techniques involved in these 


determinations have limited use, being either difficult, expensive or time- 


consuming. Recent advances in scintillation counting techniques (Haigh, 
1957) have made it much easier to estimate one of these isotopes of 
hydrogen, namely tritium. The purpose of the present paper is to describe 
how far such scintillation counter techniques can be applied to the determi- 
nation of tritium in urine and plasma and the estimation of degree of error 
involved. The use of such techniques for a comparative study of total body 
water in a number of mammalian species and of water turnover under 
tropical conditions in one species, namely man, is also presented. 


METHODS 


0-5 ml. of tritiated water or processed tritiated plasma or urine (see below) was added to 
8ml. of absolute ethanol and 10 ml. of scintillation solution (3 g 2:5-diphenyl le/1. 
sulphur-free toluene). The mixture was shaken and then centrifuged at approximately 


1500 rev/min for 2-3 min: 5 ml. of the supernatant fluid was placed in the special counting 


container supplied with the N612 Ekco Scintillation Counter. This scintillation unit was 
kept at —20° C in a deep-freeze cabinet and its amplifier set at maximum gain. It was 
connected to a N530E Ekco Automatic Scaler unit which was set at H.V.1200 and 
Discrimator bias of —5 V. The scaler received a stabilized current from a constant-voltage 
stabilizer (Servomex AC 2 Mark IIB). Unless otherwise stated, all specimens were counted 
for 1000 sec and were allowed to cool in their counting containers for 1000 sec at — 20° C 
before counting. = 

Preparation of urine. 3-5 ml. of urine was mixed thoroughly in a test-tube with 0-5 g of 
activated charcoal. The resultant sludge was filtered through a Whatman No. 2 filter paper 
and 0-5 ml. of the filtrate was then added to 18 ml. of the alcohol-scintillator mixture, 
shaken and centrifuged, and a 5 ml. portion taken for counting. 
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Preparation of rat, cat, guinea-pig or rabbit plasma. 0-5 ml. of plasma was added to 18 ml. 
of the alcohol-scintillator solution mixture. After thorough shaking the mixture was 
centrifuged. 5 ml. of the clear supernatant fluid was then withdrawn and placed in the 
counting container before counting. 

Preparation of human plasma. Since it was found that the above method of preparation 
for rat plasma gave a coloured (orange-yellow) supernatant liquid with human and baboon 
plasma, another method was also investigated. The plasma was precipitated with 10°, 
trichloroacetic acid (Langham et al. 1956) and 0-5 ml. of the clear colourless filtrate was 
mixed with 18 ml. of alcohol-scintillation fluid mixture. 5 ml. of this final mixture was used 
for counting. 

Recovery experiments. In order to determine the degree of quenching resulting from these 
procedures for plasma and urine, known amounts of tritiated water were added to urine, 
plasma or distilled water and the activities of these solutions (after treatment, if necessary) 
compared. The final tritium concentration ranged from 50 to 150 ye/ml. In no instance was 
the urine or plasma diluted by the tritiated water by more than 10%. 


Determination of virtual tritium space 

Rat. Male or female albino rats weighing between 150 and 250 g were used. These were 
* given 10 ye of tritiated sodium chloride solution (0-9 g sodium chloride in 100 ml. tritiated 
water) either intraperitoneally, or intravenously. The intravenous injection was given 
through a polythene cannula inserted into the jugular vein 18 hr previously. Following the 
administration of the tritiated water the animals were left for 2 hr and then given 5 ml. of 
water orally. All urine passed up to 24 hr after injection of the tritiated sodium chloride 
solution, was rejected, but the first 3-5 ml. of urine passed ‘after 24 hr was collected. (Pre- 
liminary experiments had shown that after 24 hr tritiated water given by the above routes 
had reached equilibrium in the rat.) The rat was then weighed and killed, and the urine pro- 
cessed as stated above. After counting, the virtual tritium space at approximately 24 hr 
was calculated. 

As it was desirable to compare this space with a direct determination of total body water, 
the corpse, after mincing, was placed in an oven kept at 100+ 2° C and dried to constant 
weight; care being taken to trap the tritiated water vapour. 

Cat. Young adult cats of both sexes were used (wt. 1-0-2-25 kg). They were starved during 
the night and the following morning tritiated sodium chloride solution (50 uc/kg) was 
administered intraperitoneally in a volume of not more than 2 ml. After 2} hr the animals 
were anaesthetized with pentobarbitone sodium and a sample of blood was withdrawn. 
From two of the cats a further blood sample was withdrawn at 3 hr, to check whether any 
marked change had occurred between 2} and 3 hr in the tritium concentration of the plasma. 
Plasma solids were determined by drying six samples of plasma at 100° C to constant weight. 

Guinea-pig. Young adults were used of weight ranging between 300 and 420g and of 
both sexes. An intraperitoneal dose of tritiated sodium chloride solution (50 yc/kg) was given 
and a procedure was used similar to that employed for the determination of cat body water. 

Rabbits of both sexes (wt. 1-6-2:3 kg) were used. An intraperitoneal dose of tritiated 
sodium chloride solution (50 we/kg) was given and a procedure similar to that for the 
determination of cat body water was used except that the animals were not anaesthetized 
and blood samples were taken from the ear. 

Human beings, Healthy male students, aged between 21 and 24 yr and weighing between 
47 and 64kg, each drank a glass of water (approx. 500 ml.) containing 3 me of tritiated 
water | hr after breakfast. Urine samples were collected just before the experiment started 
and at quarter- or half-hourly intervals for up to 5 hr afterwards. Recovery determinations 
were performed on the samples of urine taken before the experiment started and the figures 
obtained were used to correct for tritium content in the urine subsequently collected. (T's 
assumed that the quenching factor remained constant throughout the experiment.) 
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RESULTS 


Figure 1 shows that a straight-line relationship exists between tritium 
concentration in urine and recorded count up to a concentration of 
tritium in urine of 500 nce/ml. Similar experiments show a straight-line 
relationship for tritium in water over the same range and also for 
tritium in plasma up to 100 ne/ml. (this being the maximum concentration 
of tritium in plasma investigated). Each sample was counted for 1000 
sec. It was found that an individual count at a concentration of 40 
ne/ml. was subject to an experimental error of + 2° (s.z. of the mean 
of 8 counts). This was the lowest tritium concentration met with in 


practice. The s.&. was slightly less at higher tritium concentrations. 


Activity (nc/ml.) 

8 


Count (S + B; ten thousands) 


Fig. 1. Relationship between concentration of tritium in urine and the mean 
count observed for 1000 sec. Horizontal distance between parallel lines represents 
8.E. of 10 such counts. In all figures S equals true count of specimen, B equals 
background count. 


Table 1 shows the percentage recovery of tritium from various body 
fluids in several species. In any of the species investigated a higher per- 
centage recovery is observed from plasma than from the urine. 

Table 2 compares the virtual tritium space of the rat with direct measure- 
ment of total body water obtained by a desiccation procedure. It can be 
seen that the virtual tritium space estimated after both intravenous and 
intraperitoneal injection of tritium is approximately 4 %, higher than the 
total body water obtained by desiccation. 

Table 3 compares the values for virtual tritium space (total body water) 


in a number of mammalian species. 


Figure 2 shows the concentration of tritium in the urine with time (up - 
to Shr) in three different subjects following the oral administration of 
tritiated water. In all ten human beings equilibrium was obtained by the 


} third hour after administration. 
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TaBLE 1. Recovery of tritium from urine and plasma (taking tritium in water 
as 100%; mean +8.E.) 


Fluid Recovery (%) 
Water | 100 (10)* 
Rat urine + 0-4 (10) 
Rat plasma 99-4+ 0-5 (10) 
Cat plasma 100 + 0-6 (10) 
Rabbit plasma 97-6+ 1-5 (9) 
Human plasma 1-0 (11) 
Human urine 95-2 + 0-8 (10) 


Guinea-pig plasma 97:04 0-5 (10) 


* Figures in parentheses indicate the number of samples used in the determination. 


_ Taste 2. Comparison of virtual tritium space and direct measurement of total body water 


by desiccation in the rat (mean +8.£.) 


Total body water {%) 


Virtual tritium 
Route Direct space Difference 
Intravenous 63-9+ 1-0 (10)* 68-1 + 1-2 (10) 4-2 
Intraperitoneal 66-5 + 0-8 (7) 70-8 + 1-3 (2) 


* Figures in parentheses indicate the number of animals used. 


TABLE 3. Virtual tritium space (total body water) in mammals (%; mean +s.£.) 


Species Route Virtual tritium space 
Rat Intravenous 68-1 + 1-2 (10)* 
Cat Intraperitoneal 706 + 0-9 (8) 
Guinea-pig Intraperitoneal 75-2+0-9 (18) 
Rabbit Intraperitoneal 65-5 + 2-3 (7) 

Man Oral 70-8 + 1-1 (10) 


* Figures in parentheses represent number of animals used. 
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Hours 
Fig. 2. The relationship between concentration of tritium in the urine and time 
over @ period of 5 hr. Human subjects given a single dose of 3 mc tritiated water 
at time zero. Specimens were counted for 1000 sec. 


| 


0 
ti 
r 
r 
a 


x 
re. 
3 
# 
4 


er 


— 


TOTAL BODY WATER IN MAMMALS 173 


Figure 3 shows the daily urinary concentration of tritium over a period 
of 10 days in two subjects. It can be seen that the biological half-life for 
tritium for these two subjects was approx'mately 6 days and 11 days, 
respectively. The mean value for ten subjects was 7-5 +0-6 days (mean 
+8.£.), with a range of 5-11 days. The daily maximum temperature 
recorded during this period ranged from 79 to 93° F (26~-34° C) and the 


minimum temperature from 69 to 75° F (20-6-23-8°C). The relative humidity 


at 7.00 hr ranged from 96 to 100% and at 16.00 hr from 62 to 83%. 
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Fig. 3. Daily urinary tritium concentration in two human subjects following a 
single oral dose of 3 me tritiated water. Specimens were counted for 1000 sec. 
Arrows show biological half-life. 


DISCUSSION 


A number of substances have been used for dotecniinigg total body 
water. Theoretically the best estimate would be obtained from a substance 
which quickly becomes dispersed in the total body water, is capable of 
easy and accurate estimation in urine or plasma, is not metabolized and 
behaves physiologically like normal water. It should also have no harmful 
effects on body tissues. 

Whilst sulphonamides, antipyrine and N-acetyl-antipyrine are meta- 
bolized, deuterium oxide and tritium oxide do not suffer from this dis- 
a@vautage. They are also relatively non-toxic (Brues, Stroud & Rietz, 


1952) and would appear to fulfil most of the requirements of an ideal 


substance for total body water estimations. Prentice, Siri, Berlin, Hyde, 
Parsons, Joiner & Lawrence (1952) suggest that the body is unable to 
differentiate between heavy and normal water; but there is some evidence 
that this may not apply in all situations (Glascock & Dunscombe, 1954; 

Bowen, 1960). Deuterium oxide has the advantage over tritium oxide that 
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it is non-radioactive, but the disadvantages that it is difficult to estimate 
routinely and is expensive. Estimation of a total body water in man with 
deuterium costs, at present prices, approximately £5; with tritium, the 
cost is about ls. | 

Tritium, however, in spite of its radioactivity, is safe to handle and of 
low toxicity, since it only emits 8 particles (Brues et al. 1952). Nevertheless, 
until recently it also has been difficult to assay. Previous methods have 
involved converting to gas and used ionization chambers (Pace et al. 1947; 
Prentice et al. 1952; Fallot et al. 1957), internal Geiger counters (Wing & 
Johnston, 1955) and proportional gas-phase counters (Robinson, 1951). 
But none of these methods is very suitable for rapid and accurate routine 
analysis of large numbers of samples. | 

Tritium suffers from the disadvantage that it will exchange with 
hydrogen other than that present in water. Schloerb, Friis Hansen, Edel- 
man, Solomon & Moore (1950) estimate the labile hydrogen pool to be 
between 0-5 and 2% of body weight, and Pace et al. (1947) noticed that the 
virtual tritium space compared with total body water values obtained in 
rabbits by desiccation procedure was 2-3 % higher. Our own estimations 
make this pool approximately 4°% of body weight, which is more in 
keeping with the value quoted by Eikinton & Danowski (1955). 

Accuracy of count is dependent on the careful control of several experi- 
mental variables. Like Stitch (1959), we also have noted the marked 
_ quenching effect of acetone. The Ekco N 612 counter uses a small counting 
pot. We have noticed up to a 5% variation in count, using the same tri- 
tiated solution in different pots. Each pot was therefore calibrated as 
regards transmission with respect to one standard pot. 

Langham et al. (1956) used a trichloroacetic precipitation procedure for 
human plasma before estimation of tritium. We have compared a tri- 
chloroacetic procedure With the one presented in this paper. In our 
experiments, using eight different plasmas, not only had it no advantage 
but it reduced the sensitivity of the procedure by about one-third without 
increasing the accuracy of the recovery. 

Our results for total body water are generally slightly higher than those 
obtained by other workers. Pinson & Anderson (1951), using tritium, 
reported that the total body water in the rat ranged from 57 to 72 % of the 
body weight. Flexner, Gellhorn & Merrell (1942), using deuterium, 
reported mean guinea-pig body water as 65% of the body weight. 

Our figures for virtual tritium space in guinea-pigs are approximately 
8% higher. This may be due to the fact that our animals weighed less 
than those of Flexner et al. (1942) and hence probably had a lower ‘at 
content. Another possible reason is that though all the animals appeared 
normal, at post-mortem a small quantity of clear ascitic fluid was seen. 
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Our results for total body water in the rabbit are somewhat lower than 
those of Soberman (1949), who determined antipyrene space. Using 
deuterium, Schloerb et al. (1950) reported that the mean total body water 
in human beings was 61-8 % of the body weight. Fallot et al. (1957), using 
tritium, reported the value for total body water as 61 + 4-5 % body weight. 
Our mean results are higher. The fact that our subjects lived in the tropics 
may account for some of these differences. Under tropical conditions the 
biological half-life for tritium was 7-5+0-6 days (mean +s.z.). This com- 
pares with figures of 10 and 9-3 days for the half-life of deuterium (Hevesy 
& Hofer, 1934; Schloerb et al. 1950) and 8-9 days for tritium reported by 
workers in other latitudes (Fallot e¢ al. 1957). Further work is progressing 
on the effect of climate on water turnover. 


SUMMARY 


1. A method has been described for the rapid estimation of tritium. 
The recovery of tritium in certain body fluids by this method has been 
ascertained and the virtual tritium apart has been estimated in a number 


of mammalian species. 


2. In the rat this space was approximately 4 of higher than total body 
water estimated by a desiccation procedure. 

3. The mean biological half-life for tritium in adult male students 
under tropical conditions was 7} days. 


Part of the expenses of this work was met by a grant from the West African Council for 


Medical Research. 
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THE PERMEABILITY OF THE SQUID GIANT AXON TO 
RADIOACTIVE POTASSIUM AND CHLORIDE IONS 
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and the Physiological Laboratory, University of Cambridge 


(Received 8 July 1960) 


In the course of the work described in two earlier papers (Caldwell, 
Hodgkin, Keynes & Shaw, 1960a, b) on the link between the metabolism 
of squid giant axons and the active transport of Nat and K* ions across their 
surface membranes, it became necessary to measure the influx of potas- 
sium into CN-poisoned axons before and after the injection of energy-rich 
phosphate compounds. The method first tried was to suspend a well- 
cleaned axon from a cannula and to take counts in a thin-windowed cell 
through which inactive sea water flowed, after the axon had been exposed 
for a short period.to a **K solution. The K influx into Sepia axons had 
been measured with apparent success in a similar fashion (Keynes, 1951), — 
this type of technique having the advantage of allowing each axon to serve 
as its own control, by exposing it several times to **K under different 
conditions. However, it was soon found that when intact squid axons were 
counted the results were complicated by the presence of substantial 
quantities of potassium in a superficial region of the axon, which obscured 
the uptake of #*K by the axoplasm proper. The difficulty was eventually 
avoided by making measurements on extruded axoplasm, as described 
elsewhere (Caldwell et al. 1960a, b), but not until a number of experiments _ 
had been done on intact axons. The complications encountered have some 
interest in their own right, and also have a bearing on the results reported 
by Shanes & Berman (1955). The purpose of this paper is to give a brief 
account of the preliminary influx determinations, and of a few experiments 
on the K efflux from axons into which “*K had been injected. The results 
of some measurements of the influx and efflux of *°Cl are also included. 


METHODS 


The cell designed for counting intact squid axons is shown in Fig. 1. The cannula into 
which the axon was tied was mounted in such a way that the axon could quickly be lifted 
out of the cell and transferred either to a recording cell of the type described by Hodgkin & 
— Katz (1949) for impalement with a micro-electrode or microsyringe, or to a pot containing 
“K sea water. Inactive sea water flowed in at the bottom of the cell, and was removed by 
suction at the top. The position of the axon was carefully adjusted so that its central part 
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was in contact with a blackened mica window, behind which was a Geiger tube (Mullard 
Type MX 123). The length of the unscreened part of the window was nominally 12 mm; 
tests with a speck of “*K solution showed that the counting rate was reduced to half at 6-3 mm 
each way from the centre of the window. In order to convert uptake measurements in 
counts/min into absolute units, counts were taken with capillary tubes equal in outside 
- diameter to the axons, filled with a ‘*K solution of known concentration and held vertically 


window lowered the counting rate by 3-0%. (For **Na, which emits weaker f-radiation, the 
figure was 8-0%.) Kinks in the axons may therefore have reduced the counts slightly, but 
probably by less than 5%. 

For a few experiments the ‘flow method’ of Hodgkin & Keynes (1955a) was used to 
measure the rate of loss of “*K from an axon which had been exposed for a short period to 
42K sea water. The capillary was 16-5 mm long and 1-0 mm in internal diameter. 


Cannula 
To suction Brass shield 
pump 
a 
LL 
a 
by 
Weight tied 
to axon 


em 


Fig. 1. Diagram, approximately to scale, of the chamber 
used in counting intact squid axons. 


For determination of K efflux, the collecting cell described by Caldwell et al. (1960a) was 
used in conjunction with a liquid counter (Mullard Type MX 124). The intracellular 
potassium was labelled by injecting a 13 or 20 mm column of 1-0m-K*Cl. For determination 
of *Cl efflux, a similar column of 1:0m-KCl* was injected, and the axon was then tied off 
at both ends and transferred to a narrow tube containing 0-5 ml. of inactive sea water. Aficr 
collecting periods of the order of an hour the sea water was changed, the samples being 
transferred to nickel dishes and dried so that their radioactivity could be determined with 
an end-window counter, The axon itself was also put on a dish to be counted. 

For determination of Cl influx, the ‘extruded axoplasm’ method of Hodgkin & Keynes 
(1957) was . The axons were taken in pairs, uncleaned, one being stimulated at 156 ae 
throughout the period in “Cl sea water, while the other was left at rest. 

All experiments were done in an artificial sea water the composition of which was: (m') 


just touching the window. Checks showed that a gap of 100 » between the tube and the — 
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NaCl 460, KCl 10-4, CaCl, 11, MgCl, 55, NaHCO, 2-5. “*K samples were treated as described 
by Caldwell e¢ al. (1960a). **Cl samples were received from the Radiochemical Centre, 
Amersham, as or 1-0m-Na*Cl. 


RESULTS 
Determination of K influx by counting intact axons 
Figure 2 shows the counts taken in an experiment in which a well- 
cleaned axon was first soaked in *#K sea water for 64 min, and was then 
cannulated and transferred to the counting chamber (Fig. 1), where it was 
suspended in a stream of inactive sea water. The puzzling feature of the 
experiment was the rapidity with which the counting rate decreased, the 
rate constant for loss of radioactivity being 0-288 hr-. If all the labelled 
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Fig. 2. Counts taken after an axon 812 » in diameter had been exposed to “*K sea 
water for 64min. Temperature 18°C. By capillary calibration an uptake of 

1 count/min was found to be equivalent to an entry of 23-3 pmole K/cm axon. — 
At the final arrow, 10-6 mg of axoplasm was extruded from the central part of — 
the axon, and found to contain a total of 3-89 umole K. In a liquid counter, for 
which 1 count/min was equivalent to 28-2 pmole K, the axoplasm gave 166 counts/ 
min.mg (all counts are corrected for decay of **K to the same zero time). Obser- 
vation of the weight tied to the lower end of the axon showed that the axon did not 
stretch by more than 1 % during the whole counting period. 


K had been in the axoplasm, this rate constant would have implied that 
the total K efflux was about 625 pmole/cm.? sec (the axon diameter was 
$12 », and its final K content was 385 m-mole/!. axoplasm). The apparent 


- Kinflux, determined in the usual way (see Keynes, 1951) by extrapolating 


the counts back to the time of removal from “*K and calibrating with 
“K filled capillaries, was only 24 pmole/cm?.sec, so that the calculation 
sugvests the occurrence of a net K efflux of 600 pmole/cm*.sec. However, 
such a net efflux corresponds to the loss of more than 100 mm-K/hr, and 
the axon could not in fact have been leaking K nearly as fast as this, since 
its final K content, some hours after it had been dissected and cleaned, was 
still almost the same as the figure for fresh axons quoted by Hodgkin 


(1951). In some other experiments of the same kind the initial value of the 
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rate constant for loss of radioactivity was even larger, so that there was 
a still more striking discrepancy between the predicted net loss of K and 
the amount eventually found in the axoplasm. There was also a marked 
flattening of the semi-log. plot of counts/min against time (cf. lower curve 
in Fig. 3), suggesting that the **K had not entered into a single homo- 
geneous compartment. A similar flattening would, no doubt, have been 
observed in the experiment of Fig. 2 had counting been continued for a 
longer period. | 

The difficulty can be explained by supposing that the fibre behaves as 
two compartments in parallel, and that in the experiment of Fig. 2 only 
about half the 4K taken up was actually in the axoplasm, the rest being 
located in a more superficial part of the fibre, whose exchange-rate constant 
was much larger than that for the true interior of the axon. Two pieces of 
evidence support this suggestion. The first is that, as will be seen below, 
the rate constant for exchange of **K introduced into squid axons by micro- 
injection is indeed much less than 0-288 hr-!. The second is that the radio- 
activity of the axoplasm extruded at the end of the experiment was 
appreciably less than that calculated for an equivalent volume of the whole 
axon. From the figures given in the legend to Fig. 2 it turns out that the 
axoplasm only contributed 1090 counts/min to the extrapolated counting 
rate of 1370 counts/min at the time of extrusion. Taking the true rate 
constant for exchange of “*K in the axoplasm as 0-019 hr~! (see Table 1), 
the contribution of the axoplasm at the beginning of the counting period 
was probably about 1125 counts/min out of a total 2200 counts/min. 
Radioactivity was initially lost at a rate of about 200 counts/min in 
20 min, whence the rate constant for the 1075 counts/min of the superficial 
fraction was of the order of 0-54 hr-!, In the period of just over an hour 
spent in 4K sea water, the specific activity of the superficial fraction would 
therefore have risen to about 44 % of its equilibrium value, and it can be 
calculated that the total quantity of superficial K was apparently 
5-7 x 10-* mole/em. At a concentration of 400 mm, this amount of K 
would be contained in a layer roughly 5 » thick round the outside of an 
800 axon. 

Figure 3 shows the results of another experiment in which the ‘flow 
method’ of Hodgkin & Keynes (1955a) was used to obtain information 
about the gradual decrease with time of the rate constant for loss of *?K 
from an intact axon which had been soaked in radioactive sea water for 
90 min. On persevering with the washing away of 42K for 4 hr, the rate 
constant fell to about 0-026 hr, and had thus approached close to tiie 
average value of 0-019 hr found in the micro-injection experiments. [1 
this experiment the apparent size of the superficial fraction was somewhat 
smaller than before. From a count of axoplasm extruded at the end of 
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the washing-out period, the total radioactivity of the 16-5 mm of axon 
from which “K was collected could be estimated at each stage of the 
experiment, and the approximate initial uptake of **K could then be 
obtained by extrapolation. It was found that at zero time the axoplasm 
contributed about 2800 counts/min and the superficial fraction about 
1100 counts/min. The exchange rate constant for the superficial fraction 
was 1-25 hr~, so that during the uptake period its specific activity would 
have reached about 85 % of the equilibrium value. Hence the quantity of 
K in the superficial fraction was estimated as 0-94 x 10-8 mole/em axon, 
corresponding on the same basis as before to a layer about 0-8 pv thick. 
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Fig. 3. O = the rate constant for loss of radioactivity in inactive sea water from 
an axon 927 » in diameter which had been exposed to **K for 90min. @ = the 
total radioactivity in the 16-5 mm length of axon from which **K was collected. 
Temperature 11°C. For uptake, 1 count/min was equivalent to 11-9 pmole of 
labelled K. After the last collecting period, 11-7 mg of axoplasm was extruded 
from the central part of the axon; this gave a counting rate of 218 counts/min.mg 
and its K content was 369 m-mole/kg. Zero time corresponded to the moment of 
removal from *#K. The axon was capable of giving a large spike from end to end 
throughout the experiment. 


In arriving at this figure several simplifying assumptions have been made, 
and it could well be wrong by a factor of at-least two. However, it is 
_ important to know the order of size of the superficial fraction, in order to 
decide whereabouts it might be located. 

Because of the existence of this superficial fraction of K, determinations 
of the K influx by counting intact squid axons are apt to be erroneously 
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high, the error being greatest when the period of exposure to “*K is short 


compared with the exchange-time constant for the superficial fraction. 


The average K influx into cleaned squid axons, measured by counting 
extruded axoplasm, was 16-3 + 2-2 pmole/cm?.sec (s.£. of mean for 5 
axons; diameters 766-927 ; temperature 11—18° C); in these experiments 
the axons were washed in inactive sea water for 1—5 hr after exposure to 
42K, and small corrections were made to allow for the resulting loss of 
radioactivity from the axoplasm, using a rate constant of 0-019 hr“. 
Using uncleaned axons and extruding axoplasm immediately after ex- 
posing to “K, Caldwell e¢ al. (1960a, 6) found influxes of 19+2 and 
24+3 pmole/cm?.sec. In contrast, the total influx into 4 axons which 
were counted intact after spending 5-10 min in “K sea water, was 
33-6 + 2-5 pmole/cm?.sec (diameters 680-1068 temperature 16—19° C). 
Thus only about half the apparent influx into squid axons counted whole 
represents a genuine penetration of 42K into the axoplasm. 


The efflua of *2K introduced by micro-injection 
An important check on the conclusions of the preceding section was to 
label the K in the axoplasm by introducing a column of #*KCl with a micro- 
syringe, and then to measure the rate at which radioactivity emerged from 
the axon. The results of two experiments on the efflux of injected 4*K in 
which the actions of CN and ATP were investigated have been reported by 


TABLE 1. The efflux of potassium from resting and stimulated squid axons 
loaded with **K by micro-injection 


Extra K 
Resting efflux Calculated 
3 Rate Final K K during diffusion 
Axon constant contentof efflux stim. constant 
Expt. diam. Temp. at rest axoplasm (pmole/ (pmole/ for K 
no. (°C) (hr-*) (m-mole/l.) cm?*.sec) cm?.imp.) (em#/sec) 
4N7 890 18 0-024 320 55 —_ one 
11N7 912 17 0-014 345 33 — — 
16D7 800 13 0-013 370 26 10-8 4-4 x 10-° 
17AD7 800 16 0-019 382 39 7:4 4-6 x 
17BD7 13 0-023 336 39 7:2 4-1x 
Mean 0-019 38 8-5 4-4 x 


The length of the injected column of labelled KCl was 13 mm in the first two experiments 
and 20 mm in the remainder. 


Caldwell e¢ al. (1960), and the values obtained in these for the rate of loss 
of radioactivity from resting unpoisoned axons are included in Table }. 
It will be seen from the table that the average rate constant for resting 
axons was 0-019 hr-'. All these measurements were made early in tlie 
experiments, when the internal [K] must have been close to about 
370 m-mole/l. axoplasm. Using this value in each case, the average 
resting efflux of potassium was estimated as 38 pmole/cm?.sec. The net 
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efflux from cleaned axons at rest was therefore about 22 pmole/cm?.sec, 
corresponding to a loss of some 4mm-K/hr: Such a rate of loss of K, 
accompanied by a roughly equivalent gain of Na, is consistent with the 
results of a number of analyses of squid axoplasm made in the course of 
this work. 

Figure 4 shows the results of an experiment designed to investigate 
(a) how quickly after the injection a steady rate of loss of 42K was achieved, 
and (b) the effect of stimulation on the K efflux. The mid-time of the first 
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Fig. 4. The rate constant for loss of radioactivity from an 800 » squid axon into 
which @ 20 mm column of 1-0m-**KCl was injected at zero time. Temperature 
13° C. Total radioactivity injected was 45,000 counts/min. During the 11 min 
collecting period shown as a filled-in circle, the axon was stimulated for exactly 
10 min at 50 impulses/sec. For further details see Table 1, Expt. 16D7. 


collecting period was 47 sec from the mid-time of the 4K injection, and the © 
ratio of the efflux during this period to the average efflux during the two 
succeeding periods was 0-53. On the basis discussed by Hodgkin & Keynes 
(1955), the effective value of the diffusion constant for potassium, calcu- 
lated as if the whole of the time lag in reaching a steady efflux arose from 
the slowness of diffusion through the axoplasm, was hence found to be 
4-4 « 19-6 cm?/sec. Two other experiments yielded similar answers. The 
average apparent diffusion constant for radial movements of K* was 
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therefore less than one third of the value for longitudinal movements of 
K+ in Sepia axons obtained by Hodgkin & Keynes (1953). It was also 
somewhat less than the corresponding figure for radial movements of Nat 
(6-5 x 10-* em?/sec), although in free solution K*+ ions would be expected 
to diffuse 1-5 times as fast as Na+. However, it would be unwise to con- 
clude that K+ ions are unable to move across the interior of the axon as 
fast as Nat, because the discrepancy may somehow arise from the presence 
of a barrier to free diffusion just outside the axon membrane (see Franken- 
haeuser & Hodgkin, 1956). 

When the axons were stimulated at a frequency of 50/sec there was a 
marked increase in the efflux of potassium, the average value of the extra 
K efflux during electrical activity being 8-5 pmole/cm?.impulse. The 
measurements were made at a mean temperature of 14° C; the net loss of 
K found in Loligo pealit axons by Shanes (1954) was 2-9 at 24°C and 
8-8 pmole/cm?.impulse at 6° C, corresponding to an interpolated value of 
5-5 pmole/cm?.impulse at 14° C. If in squid, as in Sepia (Keynes, 1951), 
the total efflux of labelled K during an impulse is about 10% greater than 
the net efflux, Shanes’s figures suggest an extra K* efflux at 14° C of about 
6 pmole/cm?.impulse. This is close enough to the observed value for Loligo 
forbesi to provide some evidence that the potassium in the axoplasm is 
uniformly labelled when 42K is introduced by micro-injection. 


Determination of labelled chloride fluxes ) 

The influx of Cl- ions was determined by soaking pairs of uncieaned 
axons for 20 min in **C] sea water, one axon resting and the other stimu- 
lated throughout at a frequency of 156/sec. Weighed quantities of axoplasm 
were then extruded from each axon on to nickel dishes, and their radio- | 
activity was determined with an end-window counter. Table 2 shows that 
the average chloride influx in resting axons was 12-6 pmole/cm?.set and 
that, comparing each stimulated axon with its resting control, the increase 
in influx caused by stimulation was 7-2 + 2-3 pmole/cm?.sec (for which 
P = 0-01). The extra entry of labelled chloride resulting from the passage 
of a single impulse was thus only 0-046 pmole/cm?. This value is more than 
ten times smaller than the certainly less reliable figure obtained by Keynes 
' & Lewis (1951) as a by-product from their measurements of Na and K 
movements by activation analysis. However, it is not inconsistent wit! 
the calculations of Hodgkin & Huxley (19526), which predicted a net Na* 
entry of 4:33 and a net K+ loss of 4-26 pmole/em?. impulse at 18-5° C, sinve 
the difference of 0-07 pmole/cm?.impulse could reasonably be attribute! 
to an entry of Cl-. It is also of the right order to fit with the calculations 
of Keynes (1951) for the change in anion influx through a membrane who: 
permeability does not alter when the potential across it varies. 
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In order to measure the efflux of chloride, 20 mm columns of 1-0M-K °C] 
were injected into two axons, and the rates of loss of radioactivity were 
then determined as described under ‘Methods’. Owing to the very long 
half-life of the isotope, the quantity injected gave under 400 counts/min 
and it was necessary to make the collecting periods rather long (1-2 hr) in 
order to obtain measurable counting rates. For the first axon, whose 
diameter was 698 y, the rate constants for loss of °C] during three succes- 
sive collecting periods were 0-0125, 0-0139 and 0-0157 hr-! (mean = 
0-0140 hr). For the second axon (796 ,) the rate constants were 0-0120, 
00095 and 0-0134 hr (mean = 0-0116 hr-). In calculating the absolute 
value of the chloride efflux some uncertainty arises because of the lack of 


TaBLeE 2. Influx of labelled chloride into resting and 
stimulated squid axons at 19° C 


Axon stimulated 


Axon resting at 156/sec 

Influx: Influx 
Squid Diameter (pmole/ Diameter (pmole/ 
cm? sec) (p) em?. sec) 

I 524 15-4 531 26-2 

2 578 15-0 578 15-0 

3 535 77 550 11-8 

542 10-0 531 22-4 

5 512 14-7 492 23-5 


Mean 12-6 + 1-6 19-8 + 2-7 
and 8.E. 


reliable figures for the internal [Cl]. If it were taken as 100 m-mole/l. 
axoplasm, from the analyses of Steinbach (1941) and Keynes & Lewis 
(1951), allowing for an extra 20 mm added as K **Cl, the average chloride 
efflux would be 6-6 pmole/cm?.sec. However, this value for internal [C1] 
is somewhat high to fit with a resting potential in the neighbourhood of 
60 mV, and the true figure is possibly only about 50mm, making the 
calculated chloride efflux just over 3 pmole/cm?.sec. 


DISCUSSION 


Shanes & Berman (1955) determined the resting fluxes of labelled 
sodium, potassium and chloride in axons from Loligo pealii, and arrived 
at the following values in pmole/cm®.sec: Na influx 63, efflux 33; K influx 
42, efflux 370; Cl influx 14, efflux 87. They pointed out that their figures 


for sodium were consistent with those for Sepia (Keynes, 1951), but they 


found it difficult to explain their large figures for the effluxes of potassium 
and chloride. They presented convincing evidence for the existence of a 
Superficial ‘X-phase’ containing ions in different proportions to the 
external medium, and estimated that its potassium content corresponded 
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to a 16-4 » layer if [K] was taken as 17 ma. They did not, however, make 
any measurements with extruded axoplasm, nor did they attempt to label 
the intracellular ions by micro-injection. In the light of our experiments, 
in which extra evidence from both these techniques was available, it 
seems clear that most of the troublesome features of their results can be 
explained as arising from an underestimate of the size of the X-phase. If 
it had contained somewhat more potassium and chloride than they as- 
sumed, they would have obtained flux values which would agree reasonably 
well with those given here. 

It is tempting to identify the superficial X-phase with the Schwann cells 
and connective tissue which surround giant axons. According to Geren & 
Schmitt (1954) the thickness of the Schwann cell layer in the axons of 
Loligo pealit is 0-2-1-0 ». In some unpublished electron micrographs made 
by Professor A. F. Huxley of permanganate- and osmic-fixed axons from 
Loligo forbesi the Schwann cell layer appears to be 1-5-2-5 uw thick. The 
greater thickness in L. forbest may either reflect a species difference, or 
may arise from the greater size of the axons. On the assumption that the 
superficial phase had a potassium content similar to axoplasm, its thickness 
was estimated as 5 p in one experiment (p. 180), and as 0:8 » in another 
(p. 181). Both estimates are subject to some uncertainty, but they are 
clearly of the right order for the identification to be plausible. An addi- 
tional contribution to the superficial potassium is likely to be made by the 

cells responsible for laying down the 10-20 yw layer of connective tissue 
outside the Schwann cells, which are shown i in one of Geren & Schmitt’s 
(1954) plates. 

_ If this identification is correct, it is perhaps surprising that a fairly large 
number of experiments with “*K on Sepia axons (see Keynes, 1951; 
Hodgkin & Keynes, 1955a) should have given no hint of the existence of 
a superficial phase. Electron micrographs of 200 1 Sepia axons made by 
Professor Huxley show a Schwann cell layer about 0-5 » thick, which 
might be expected to contain the same amount of potassium relative to 
that in the axoplasm as the 2-0 » layer surrounding an 800 » squid axon. 
In the Sepia experiments the presence of a superficial phase would only 
have been suspected if there had been (which there were not) marked 
discrepancies between influx and efflux, or if a consistent flattening of the 
semi-log. plots of radioactivity in the axon against time had been observed, 
and a re-examination of the experimental results has confirmed that any 
such flattening was not obvious. However, it does seem that there was a 
slight trend towards flattening, since out of 35 groups of counts (many of 
which comprised only three counts, so that individually they never 
deviated significantly from a straight line), 14 showed some concavity, 


18 showed virtually no curvature at all, but only 3 were convex. This — 
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distribution does differ significantly (P = 0-02) from a perfectly expo- 
nential decline of the counting rate. It must therefore be admitted that 
the figures published for the potassium fluxes in unpoisoned Sepia axons 
with normal external [K] may all be slightly too high, though to exactly 
what extent it is impossible to say. 

It may be asked whether neglect of a superficial phase could possibly 
have accounted for the deviations of the potassium flux ratio in Sepia 
axons from the ‘independence’ relationship which were described by 
Hodgkin & Keynes (19556). There are at least two reasons for thinking this 
unlikely. The first is that the deviations in question were too large, and the 
second is that the flux ratio experiments were all done with DNP-poisoned | 
axons. In each of three squid experiments (not described in the text) in 
which counts of the **K in intact axons were taken first unpoisoned, and 
then after exposure to cyanide, there were indications that the amount of 
potassium in the superficial phase was substantially reduced by inhibition 
of metabolism. Thus in each case the flattening of the curve for loss of 42K 
was prominent at the start of the experiment, but became progressively 
less so, until in the last group of counts it had always disappeared. Hence 
the cells which contain the superficial potassium appear to be rather 
sensitive to metabolic inhibitors, and in the Sepia experiments they may 
well have lost their potassium before the measurements were begun, and 
so caused no errors in the results. This conclusion is supported by an exami- © 
nation of the data similar to that mentioned in the previous paragraph: 
out of 21 groups of counts of the “*K in DNP-treated Sepia axons, only 
- 3 were concave, 12 showed no curvature, and 6 showed convexity. 

It is interesting to consider the resting chloride flux values in relation 
to electrical data. In the first place, comparison of potassium efflux with 
chloride influx, using the constant field relation (Hodgkin & Katz, 1949; 
see also Keynes, 1951), leads to a value of 4:5 for the ratio of Py to Pg; 
a similar calculation for chloride efflux and potassium influx (using the 
value for CN-treated cleaned axons given by Caldwell e¢ al. 1960a, in 
order to avoid errors from the active component of K influx) gives a ratio 
of 6-5. These ratios are somewhat greater than the approximate figure of 
2:2 assumed by Hodgkin & Katz (1949), and serve to emphasize the con- 
trast between the chloride permeability of squid axons, which is confirmed 
to be less than their potassium permeability, and that of frog muscle, 
where P,, has recently been shown (Hodgkin & Horowicz, 1959) to be 
about twice as great as P, under normal conditions. Secondly, the 
chloride flux can be compared with Hodgkin & Huxley’s (1952a) estimate 
of 0:26 m-mho/em? for the ‘leak’ conductance (ie. the conductance 
attributed to current carried by ions other than Na* and K*) of the squid. 
axon membrane. Using the flux—conductance relationship derived by 
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Hodgkin (1951) this conductance would correspond to an ionic flux of 
67 pmole/cm?. sec, that is, to a flux over five times as great as the observed 
chloride influx. It would therefore seem either that it is wrong to suppose 


through the membrane, or that the chloride fluxes are not ‘independent’ 
in the sense required for the simple flux—conductance relationship to be 
valid (see Hodgkin & Keynes, 1955b). A similar but slightly smaller 
discrepancy between chloride flux and chloride conductance has recently 
been reported for frog muscle (R. H. Adrian, in preparation). 

The smallness of the value obtained for the extra influx of chloride 
during a nerve impulse raises a problem in connexion with Hill’s (1950) 
observations on the volume changes in stimulated Axons. In order to 
account for the swelling that he found, Hill suggested that some of the 
sodium which moves into a nerve fibre during electrical activity is ac- 
companied by chloride and water, the inward transfer of chloride neces- 
sary to fit his results being 1-7 pmole/cm?.impulse. As the measured entry 
now turns out to be much smaller than this, some other explanation for the 
volume change’ has to be sought, perhaps in terms of a splitting of intra- 
cellular molecules during the permeability changes and a consequent 
inward attraction of water. | 


SUMMARY 


1. Experiments in which cleaned squid fibres were daniun to 42K sea 
water for a short period and then counted in a stream of inactive sea water 
showed that much of the radioactivity taken up by the fibre was located in 
a superficial region. The potassium in this region was exchanged with a 
time constant of the order of an hour, and its total quantity was estimated 
as 1-6 x 10-* mole/cm axon. It is tentatively identified with the Schwann 
cells surrounding the axon. | 

2. The time constant for loss of 4#K introduced into the interior of the 
axon by micro-injection was about 50 hr. The potassium efflux was 
increased about 12 times by stimulation at 50 impulses/sec. 

3. The average potassium influx into cleaned axons at rest, measured by 

counting axoplasm, was 16 pmole/cm?.sec. 
_ 4, The average influx of labelled chloride was 12-6 pmole/em?.sec when 
the axons were resting. The extra entry of chloride caused by stimulation 
was only 0-046 pmole/cm?. impulse. 

5. The time constant for loss of 3°Cl introduced into the interior of the 
axon by micro-injection was about 80 hr. ' 


.We are indebted to Professor A. L. Hodgkin and to Professor A. F. Huxley for their 
comments on the first draft of this paper. The expenses of the work were met by grants from 
the Rockefeller and Nuffield Foundations. 


that the whole of the leak conductance is due to the passage of Cl- ions 
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PROPERTIES OF REGENERATING NEUROMUSCULAR 
SYNAPSES IN THE FROG | 


By R. MILEDI 
From the Department of Biophysics, University College London 


(Received 8 July 1960) 


Studies of regeneration of motor nerves into muscles (Gutmann & Young, 
1944) have shown that a considerable interval of time elapses between the 
arrival of nerve fibres at the region of denervated end-plates and the earliest 
restoration of junctional transmission. What follows is an account of some 
of the local events observed during this stage in the reinnervation of muscle. 


METHODS 


Regeneration of nerve fibres into frog (R. temporaria) sartorius muscles was examined 
after either complete or partial denervation. The former was achieved by section of the 
sciatic nerve in the pelvis: the nerve is very easily exposed at a point just rostral to the 
pyriformis and vastus externus muscles. A stretch of nerve 4-5 mm long was usually 
removed, but when a longer delay in regeneration was desired, the 7th, 8th and 9th spinal 
nerves were resected together with the sciatic. In some instances complete denervation 
was obtained by dividing the sartorius nerve in the muscle itself. Partial denervation con- 
sisted in section and removal of one or more of the intramuscular nerve branches (see 
Miledi, 1960a). 

At different times after denervation, both sartorii and their nerves were dissected and 
mounted side-by-side for examination with intracellular micro-electrodes. Acetylcholine 
(ACh) was applied either diffusely to the two muscles by perfusion of the chamber, or locally 
to a muscle fibre by iontophoresis through a micropipette. Neostigmine 10-* (w/v) was 
generally added to the solutions, except when iontophoretic microapplication of ACh was 
made. The experiments were made from August 1958 to June 1959. For a more detailed 
account of the experimental procedures see Miledi (1960a). 


RESULTS 
Signs of regeneration before neuromuscular transmission 
is re-established 
Re-establishment of transmission is of course an obvious sign of synaptic 
regeneration ; but as will be shown below this is preceded by a stage in 
which other signs of regeneration can be detected. A brief consideration of 


some characteristics of normal and denervated end-plates is therefore 


relevant. | 
_ Ithas been shown (Katz & Miledi, 1959; Birks, Katz & Miledi, 1960) tliat 
junctional transmission and the spontaneous miniature end-plate potenti«!s 
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(m.e.p.p.8) disappear from a muscle several days after section of its nerve. 
After a few days of electrical quiescence, subthreshold activity is again 
detectable at end-plate regions. These m.e.p.p.s found in denervated muscle 
resemble in many respects those which occur at normal innervated end- 
plates; but their frequency is much lower and their amplitude distribution 


is highly asymmetrical. 
if 
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Amplitude of miniature end-piate potential (mV) 


Fig. 1. Amplitude distribution of random spontaneous potentials at end-plates in 
muscles undergoing neuromuscular regeneration. A, B and C from partially dener- 
vated muscles; 41, 51 and 23 days respectively after denervation. D from a com- 
pletely denervated muscle; 109 days. The resting potentials and mean frequencies" 
of m.e.p.p.s were, respectively: A, 99 mV, 4/sec; B, 90 mV, 0-3/sec; C, 86 mV, 
1/sec; D, 82 mV, 0-6/sec. Prostigmine (1 x 10-*) was present in A, B and C. 


In the present series of experiments, the m.e.p.p. frequency at normal 
end-plates was usually around 1-4/sec (range, 0-2-20/sec) and their 
amplitudes had the characteristic bell-shaped distribution (see Fatt & 
Katz, 1952). On the other hand, the usual rate of m.e.p.p.s at denervated 


end-plates was about 0:-02/sec (range 0:002-0-2/sec) and their skewed 


histogram resembles that shown in Fig. 1A (cf. Birks et al. 1960; Miledi, 
1960). The rate of discharge of ‘normal m.e.p.p.s’ is increased by hyper- 
tonic solutions and by mechanical irritation at the end-plate region (Fatt 


_ & Katz, 1952) while the ‘denervated m.e.p.p.s’ are not influenced by the 


latter and may even be reduced by the former procedure (Birks et al. 1960). 
The normally innervated muscle fibre is sensitive to ACh over only a small 
region in and around the end-plate, while in the denervated fibre the 
‘Sensitive length’ is much greater (Miledi, 1960a, b). 
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Thus, the conditions prevailing at a typical denervated end-plate at the 
time of arrival of regenerating fibres may be summarized as follows: 
(a) low-frequency m.e.p.p.s, (b) asymmetrical histogram of amplitudes, 
(c) unresponsiveness to hypertonic solutions and (d) increased sensitive 
length and supersensitivity to diffusely applied ACh. Any change towards 
‘the normal in one or more of these characteristics was taken as an early 
sign of regeneration. 

Apart from the expected differences in the time of onset of regeneration 
the results obtained were éssentially the same whether denervation had been 
partial or complete. There was a considerable variation in the behaviour 
of different end-plates in a given muscle and although individual junctions 
were not followed through the different stages of reinnervation, the 
following pattern seems to be established. 

Spontaneous electrical activity. The first clear departure from the pnioel 
denervated picture outlined above is an increase in the rate of discharge 
of m.e.p.p.s without any great change in the form of their amplitude 
distribution. In some cases, e.g. that in Fig. 1.A, the frequency of m.e.p.p.s 
was within normal values, but the histogram was still like that of dener- 
vated fibres. Since there was a considerable variation in the frequency of 
- m.e.p.p.s at denervated end-plates (see above), it was not possible to 
decide when a particular fibre showed the earliest sign of regeneration. 
Nevertheless, denervated end-plates in the frog seldom show m.e.p.p.s at 
rates higher than 0-2/see, therefore frequencies higher than that are usually 
indicative of regeneration. 

The time at which the frequency of m.e.p.p.s is increased varies greatly 
among different end-plates of the same muscle. In extreme cases, even 
8-9 weeks after intramuscular section of the pelvic nerve branches there 
may be no increase in the frequency of m.e.p.p.s at some end-plates while 
others may already be able to transmit impulses. 

The next stage is indicated in Fig. 1B: a small group of m.e.p.p.s, whose 
amplitudes are distributed normally, appears superimposed on the usual 
asymmetric histogram of denervated end-plates. This group is more 
obvious in Fig. 1C where it makes a major contribution to the histogram. 
Finally, the amplitude distribution becomes indistinguishable from that 
found in normal fibres (Fig. 1D). 

These are the main types of histograms which may be observed in 
muscles undergoing reinnervation, The probable time sequence at indi- 
vidual end-plates has been inferred from the fact that in muscles whose 
end-plates have predominantly the simple ‘denervation pattern’ a few 
fibres are found in which only the frequency is raised. Conversely, in 


reinnervated muscles where many fibres transmit impulses, histograms ! ke 
Fig. 1D are a common occurrence. 
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A rapid series of m.e.p.p.s was frequently observed in regenerating end- 
plates. These bursts of activity consisted usually of groups of 5-50m.e.p.p.s. 
In one case an end-plate examined 118 days after complete intramuscular 
nerve section showed random m.e.p.p.s at about 0-2/sec for 5 min after the 
insertion of the electrode. It then suddenly gave bursts of m.e.p.p.s at a 
mean rate of 3-4/sec for some 3 min before returning to the low frequency 


Fig. 2. Bursts of spontaneous potentials at a regenerating end-plate; 118 days after 
complete intramuscular denervation of the muscle. Resting potential 85 mV. A, 
5 min after insertion of micro-electrode. B is a continuation of A. C is 2 min 
after B. 


(Fig. 2). Another burst of activity occurred 3 min later. It might be | 


_ suggested that regenerating nerve terminals, like normal ones, respond with 


such bursts of m.e.p.p.s to the act of prodding with the micro-electrode ; 
however, it seems that frequently the bursts observed at regenerating end- 
plates are not due to damage caused by-the insertion of the micro-electrode, 
for they were also detected in fibres in which the electrode was first inserted 
about 2mm away. | 

Hypertonic solutions greatly increase the frequency of the spontaneous 
potentials at normal end-plates (Fatt & Katz, 1952; Furshpan, 1956). 
Similarly, when the tonicity was doubled by adding sucrose to the bathing 
fluid the frequency of m.e.p.p.s at regenerating junctions increased even 
before neuromuscular transmission was re-established (cf. also Birks, 
et al. 1960). 

Time course of spontaneous potentials. It is known that the cholinesterase 


activity at end-plate regions is reduced after denervation (Feng & Ting, 


1938; Couteaux, 1955). If the cholinesterase activity remains low for some 
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time after reinnervation a slow time course of the m.e.p.p.s may be expected. 

That this occurs is illustrated in Fig. 3, where the slow potential was 
obtained from an end-plate showing evident signs of regeneration: the 
m.e.p.p. frequency was 0-09/sec and their amplitude distribution was 
similar to that in Fig. 1C. The muscle had been denervated 69 days pre- 
viously and neuromuscular transmission was present in some other fibres. 
Since individual end-plates were not examined throughout their period of 


A 


AmV 


20 msec 


Fig. 3. Time course of m,e.p.p.s. A, typical potential from a regenerating junction, 
69 days after complete denervation. B, from a normal end-plate in the control . 
muscle. Mean frequency of m.e.p.p.s 0-09/sec and 0-7/sec. in A and B respectively. 
No prostigmine in the bathing fluid. 


regeneration the sequential change in time course of the m.e.p.p.s cannot — 


be determined. Nevertheless, the slow time course of the m.e.p.p.s indi- 
cates that the cholinesterase concentration at end-plate regions does not 
return to its normal level until some time after the arrival of the growing 
nerve fibre; such a delay has recently been reported by Csillik & Saévay 
(1959). 

Sensitivity to ACh. Complete denervation of a muscle leads to an in- 
crease in its sensitivity to diffusely applied ACh. This supersensitivity 
develops also around denervated end-plates of partially pomeeveted 
muscle fibres (Frank, 1959; Miledi, 1959, 1960qa). 

If the nerve is allowed to grow into a denervated muscle the super- 
sensitivity eventually disappears (cf. also Hines, Thomson & Lazere, 1942: 
_Emmelin & Nordenfelt, 1959). The particular stage of regeneration at 


which supersensitivity disappears from individual end-plates was not 
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ascertained. It was, however, clear that an end-plate may show evident 


signs of regeneration and still be supersensitive. This is illustrated in Fig. 4 
obtained from a muscle 41 days after partial denervation of only approxi- 
mately one half of the muscle fibres (see diagram in Fig. 4). The proximal 
tibial branch was not cut, so that this part of the muscle served as a 
control. The denervated and more sensitive end-plate is undergoing 
regeneration, as is evidenced by the normal frequency of m.e.p.p.s (4/sec). 
The amplitude distribution of these potentials was still of the ‘denervated’ | 
type and is shown in Fig. 1A. 


Fig. 4. Effect of diffusely applied ACh on a normal (top tases} and a regenerating 
(bottom traces) end-plates, 41 days after partial denervation. ACh perfusion was 
started near the beginning of the traces, in concentrations of 1 x 10-* (A) and 
1 x 10-* (B). This last concentration produced vigorous twitching in the half of the 
muscle which had been partially denervated (see diagram). 

Resting potentials were 96 and 99 mV. in normal and regenerating end-plates 
respectively. The interrupted line in the diagram indicates the position of the 
cut nerve branches. The solid triangle indicates the approximate location of the 
micro-electrode in the regenerating end-plate. 


Even 4 months after complete intramuscular denervation a muscle may 
still be supersensitive. This is not surprising, since on examination some — 
end-plates are found which do not show any signs of regeneration, and 
many more which have abnormal histograms and do not transmit impulses 
although the rate of m.e.p.p.s is nearly normal. 

Length of muscle fibres sensitive to ACh. The normally innervated muscle 
fibre is sensitive to iontophoretic application of ACh only in the region of 
the neuromuscular junction and its immediate surroundings (Miledi, 
19605). The ‘sensitive length’ of normal frog sartorius fibres (as defined by 
Miledi, 1960a) is about 1-1 mm, while the length of the terminal arboriza- 
tion of the nerve fibre ranges from about 50,4 to 500u (Kiihne, 1887; 
Couteaux & Tazi, 1952). After denervation the sensitive length increases 
progressively until the whole muscle fibre surface becomes sensitive to ACh 
(Axelsson & Thesleff, 1959; Miledi, 1959; 1960qa). : 
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- On examining fibres whose neuromyal junctions were in the process of 
regeneration—.e. fibres in which the frequency and amplitude distribution 
of m.e.p.p.s was about normal—it was found that the sensitive length 
returns to near normal values before neuromuscular transmission is re- 
established. Furthermore, in a few cases the sensitive length was within 
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Fig. 5. Spontaneous activity and ACh-sensitive length of an end-plate in a muscle 
109 days after pelvic section of the sciatic nerve. 

A, examples of m.e.p.p.s. The dots mark the appearance of a m.e.p.p. as observed 
with a fast time base on a monitor tube. B, amplitude distribution of the m.e.p.p.s. 
C, distribution of ACh-sensitivity along the muscle fibre. The abscissae indicate dis- 
tances from the recording electrode at which ACh was applied. 


the normal range of values even though the frequency and amplitude 
histogram of the m.e.p.p.s had not yet clearly departed from that usually 
found in denervated end-plates. | 

For example, a sartorius muscle was examined 109 days after section of 
the sciatic nerve. Had there been no reinnervation, the fibres in this 
muscle would have been sensitive to ACh over their entire length (cf. 


Miledi, 1960a). Nevertheless, two junctions were found in which the | 


m.e.p.p. frequency and histogram (Fig. 5.4 and B) were typical of dener- 
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vated end-plates while the sensitive length was like that of normal muscle 
fibres (Fig. 5C). Stimulation of the nerve had no effect on these junctions. 
There was presumably at least one other end-plate on the same fibre, 
because of the extensive multiple innervation of frog sartorius (cf. Katz & 
Kuffler, 1941); but if this had become reinnervated it did not transmit pro- 
pagating impulses. Some fibres in the same muscle had normal sensitive 


lengths and normal m.e.p.p.s but did not respond to nerve impulses, while 


in others regeneration had gone further so that stimulation of the nerve 
evoked muscle action potentials and twitches. 


Onset of neuromuscular transmission 


As previously mentioned (cf. also Birks et al. 1960) during regeneration 
it was possible to find some end-plates in which the m.e.p.p.s had returned 
to the normal pattern whilst neuromuscular transmission had not yet been 
established. 

The inability of regenerating synapses to transmit impulses is not due to accidental 
damage caused to the nerve fibres during dissection or insertion of the micro-electrode. This 
possibility was ruled out by the fact that in some muscles no twitch was seen on stimulation 
of the spinal nerves even before dissecting out the muscles. Later on these same muscles 
were found to have regenerating end-plates. 

Regenerated junctions which transmitted impulses had normal m.e.p.p.s 
except for one end-plate in a partially denervated muscle (21 days) which 
had spontaneous potentials at a rate of 0-3/sec and a histogram like that 
shown in Fig. 1B. A further point of interest is that subthreshold end- 
plate potentials (e.p.p.s) were not observed in regenerating end-plates 
(unless blocking agents were applied). In other words, the junctions either 
generated normal e.p.p.s and spikes or did not respond at all to nerve 
stimulation. This suggests that once a nerve impulse liberates ACh the | 
quantity released is not very different from normal. 

Although ‘transmitting’ regenerated end-plates had a normal pattern 
of spontaneous activity, they still differed from normal junctions in the 
latency of their responses to nerve stimulation. This is illustrated in Fig. 6 
(cf. also Fig. 7) which shows records of e.p.p.s obtained simultaneously 
from two end-plates in the same curarized muscle. The muscle had been 
partially denervated 3 weeks before by section of one tibial branch. It can 


be seen that the latency of the e.p.p. in the regenerated fibre (bottom record) 


is greater than that of the non-denervated end-plate, in spite of the fact 
that the conduction distance was about 2 mm larger for the latter—i.e. a 
difference of 4 msec for only approximately 2mm of regenerated nerve 
fibre. A similar difference was found if regenerated end-plates were com- 
pared with end- plates i in the normal control muscle. 

When the regenerating nerve fibres had to travel a long distance to reach 
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the end-plates, for instance, after section of the nerve in the pelvic region, 
the latency of the responses to nerve stimulation was considerably greater 
than that shown in Fig. 6. For example, in a muscle examined 80 days 
after denervation the latency of the e.p.p. in some regenerated synapses 
was 15-20 msec. The conduction distance was about 25 mm, which gives 


an average conduction velocity of 1-2 m/sec in the regenerated nerve 
fibres. 


Fig. 6. End-plate potentials in a normal (top trace) and a regenerated (bottom 
trace) end-plate of a partially denervated muscle. Distances are: 21 mm from 
stimulating electrode on nerve to Ist branching; 2-7 mm from nerve bifurcation to 
electrode in the regenerating end-plate (solid triangle in diagram), and 4-9 mm 
from bifurcation to normal end-plate. Resting potential was 80 mV at both end- 


plates. The voltage calibration represents 3 mV in normal and | mV in regenerating 
end-plate; tubocurarine concentration, 6 x 10-*. 


A further difference between normal and regenerated transmitting 
‘synapses lies in their response to repetitive nerve stimulation. Some end- 
plates would fail to produce e.p.p.s if the nerve was stimulated at fre- 
quencies greater than 0-1—0-2/sec. This failure appeared abruptly as an 
all-or-none phenomenon and resembled the presynaptic failure of pro- 
pagation of nerve impulses which occurs near normal rat neuromuscular 
junctions during repetitive activation (Krnjevi¢é & Miledi, 1958). Pre- 
synaptic blockage of impulses may be seen in normal frog junctions (cf. 
also Kostiuk, 1958), but it always appeared more readily, and at low rates 
of stimulation exclusively, at the regenerated synapses. 

Repetitive activation of the normal nerve terminal leads to a pro- 
gressive decrease in the amplitude of the e.p.p., mainly as a result of a 
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reduction in the amount of ACh released by the nerve impulse (unpublished). 
This fall in amplitude was usually greater in regenerated end-plates (cf. 
Fig. 7B). Thomson, Morgan & Hines (1950) found that the contraction 
produced by repetitive nerve stimulation fell more rapidly in regenerating 
than in normal muscle. Such a phenomenon may be satisfactorily ex- 
plained by the readiness with which presynaptic block occurs in rege- 
nerating nerve fibres plus the more marked decrease in the amplitude of 
the e.p.p. | 


Fig. 7. Tetanic and post-tetanic effects at a regenerated (top trace) and a normal 
end-plate (bottom trace), 9 days after section of the tibial nerve brarich. Resting 
potentials: 95 mV in regenerated and 82 mV in normal end-plate. A, control 
potentials. B, during repetitive stimulation (50/sec for 10 sec). C, 15 sec after the 
end of the tetanus. D, 30 sec later. Tubocurarine concentration 3 x 10-*. 


Post-tetanic phenomena at regenerated end-plates also differ from normal. 
The well known post-tetanic increase in the amplitude of synaptic poten- 
tials was greatest. at regenerated junctions. The relatively complicated 
effects of tetanic stimulation are illustrated in Fig. 7. The top records are 
from a regenerated synapse while the lower ones correspond to a ‘normal’ 


- one in the same muscle (see diagram). The nerve was stimulated once 


every 15 sec and the control e.p.p.s are shown in Fig. 7A. Stimulation at 
50/sec was then applied for 10 sec, and Fig. 78 illustrates the potentials 
shortly before the end of the tetanus; notice the greater fall in amplitude 
at the regenerated junction and that there was no presynaptic block 
during the tetanic stimulation. | 7 

The first test stimulus after the end of the tetanus (Fig. 7C) produced in 
the normal fibre a still depressed e.p.p:; and no response at all in the re- 
generated end-plate. This complete failure is probably due to presynaptic 
block of nerve impulse propagation, for the third and subsequent test 
stimuli (Fig. 7D) suddenly produced an e.p.p. which was 1-4 times greater 
than the control; the potentiation lasted about 5 min. On the other hand, 
there was practically no potentiation of the normal e.p.p. A 15sec tetanus 
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(not shown in Fig. 7) was followed by a 1-3 min presynaptic block of the 
regenerated fibre and by a greater and longer-lasting post-tetanic potentia- 
tion: the maximal e.p.p.s were 1-9 and 1-3 times as large as their controls 
in the regenerated and normal end-plates respectively. | 
The appearance of complete presynaptic block on reducing the frequency of stimulation 
is a phenomenon which can also be observed in normal junctions in the rat diaphragm 
(unpublished experiments with Dr K. Krnjevi¢). It also occurs at normal junctions in the 


3 frog sartorius, but in both cases it is usually necessary to prolong the tetanic stimulation 
until anintermittent presynaptic block dovelops before reducing the frequency of stimulation. 


The site of reinnervation 


An attempt was made to find out whether regenerating fibres grow into 
old end-plate regions or form new ones. Since the neurilemmal tubes 
remain after axon degeneration, they may guide the growing fibres to the 
old end-plates; an effort was therefore made to remove these tubes. For 
this purpose a few muscles were denervated by dividing the nerve at its 
entry into the muscle and removing itg intramuscular nerve branches as 
completely as possible. The branches were dissected in the deep surface of 
the muscle and when dissection could not be pursued further. without 
gross damage to the muscle fibres the nerves were ‘evulsed’. In this way 
there was not much nerve left which could guide regenerating fibres to old 
end-plates in superficial muscle fibres. 

It is worth considering at this point the location of the main end-plate foci in the normal 
sartorius. With minor variations the principal nerve branches are as illustrated in Fig. 7. 
In some muscles there is an extra nerve branch which innervates some muscle fibres at the 
edge opposite the nerve entry (cf. Fig. 4). The two pelvic branches and that near the nerve 
entry are clearly visible, especially at the edges where end-plates can be located quite 
accurately. Parallel to the tibial nerve branch there is usually a long succession of end-plates. 
If the micro-electrode is inserted in these regions some 90% of the impalements are found 
to be near end-plate regions (cf. Birks et al. 1960). 

The muscles were examined 4 months after denervation and it was 
immediately noticed that the regenerated fibres did not form bundles, i.e 
the gross pattern of innervation was not reconstituted. After staining with 
osmic acid the nerve was found to fan out immediately after its entry into 
the muscle, a situation similar to that described by Aitken (1950) for 
rabbit muscle. Nevertheless, on examining the different regions with the 
micro-electrode spontaneous electrical activity, indicative of regeneration, 
was found only in the normally expected places. It is particularly important 
that regenerated junctions in the pelvic edges were found at their usual 
site some 8-15 mm away from the nerve entry. In spite of the fact that in 
these muscles no nerve branches were visible to aid in the location of end- 
plate foci the number of successful insertions, using the ‘normal’ map of 
end-plate distribution, was quite high. In one muscle 22 out of 26 inser- 
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tions were at end-plates all showing m.e.p.p.s of normal frequency and all 
in expected places. 

There are other indications that regenerating fibres go to the old wees 
regions. Thus one may find an end-plate focus in which some fibres conform 
to the characteristic denervated pattern of low-frequency m.e.p.p.s and 
asymmetrical amplitude distribution, intermingled with junctions showing 
signs of regeneration. Furthermore, m.e.p.p.s were never found when 
insertions were made in regions in which no end-plates could normally be 
expected. All these findings suggest that the growing nerve fibres do not 
just form end-plates anywhere along the muscle fibres but grow towards 
the site of the denervated end-plates. 


DISCUSSION 


Several days after cutting the motor nerve the Schwann cell replaces 
the axon in its synaptic position. It has been suggested that it is this 
Schwann cell which is responsible for the release of the ACh packets which 
cause the spontaneous potentials observed at denervated end-plates. The 
potentials produced by these packets have a skewed amplitude distribu- 
tion while those produced by ACh released from axon terminals have a 
normal distribution (Birks et al. 1960). During regeneration histograms 
with both characteristics are obtained. This is probably a consequence of 
the existence of two sowrces of ACh. Presumably at this stage both the 
Schwann cell and the regenerating nerve fibre make close contact with the 
muscle fibrg and liberate ACh; a close apposition is indicated by the re- 
latively fast time course of the m.e.p.p.s. During more advanced regenera- 
tion, when a normal histogram prevails, the Schwann cell either ceases to 
release ACh or else it is displaced from the chemosensitive muscle surface 
by the growing nerve fibre in such a way that if it still liberates ACh this 
could pass undetected. 

It was shown that regenerating nerve fibres make synaptic contact with 
muscle fibres in a region near the old end-plates, even when the intra- 
muscular nerves are resected. The method of localization did not allow a 
more precise determination of the site of contact; nevertheless the 
following point should be considered. Spontaneous potentials in dener- 
vated muscle are seen only at the end-plate; therefore if the interpretation 
of the composite histogram of regenerating end- plates is correct and 
indicates synaptic release of ACh from both the growing nerve fibre and 


: the Schwann cell, then we are forced to conclude that the regenerating ~ 


axons grow not merely to a place near the old end-plate but precisely to 
the old synaptic region. 

This conclusion differs from that of Gutmann & Young (1944) and Aitken 
(1950) who state that end-plates may be formed anywhere on the muscle 
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fibre. The discrepancy may be due to differences in species (rabbit as com- 
pared with frog) though Tello (1907), also working on rabbits, mentions 
that in most cases regenerating fibres grow to old end-plates. In view of 
the new physiological evidence, further experiments on mammals are 
clearly needed to ascertain whether new synaptic regions can be formed in 
uninjured muscle fibres. 

Since in the frog regenerating fibres go to the original synaptic fegions, 
the question arises as to how the nerve fibres find their way. If we bear in 
mind that a ‘neurotropic’ substance may be involved in the sprouting of 
normal nerve fibres of partially denervated muscle (Edds, 1950; Hoffman, 
1950), then the simplest explanation would be the release of a neurotropic 
substance from the denervated end-plate or its Schwann-cell overlay, thus 
causing the fibres to grow to the original end-plate. It is also possible, of 
course, that the nerve fibres are able to establish synaptic contact with 
the muscle only at the end-plate region, in which case the regenerating 
fibres would wander about until they come in contact with an end-plate 
site. Whichever the mechanism involved, it now seems at least clear that 
the end-plate region has a special neural affinity. 


The distinctiveness of the end-plate region remains even after several © 


months of denervation. Tello (1907), Tower (1939) and Guttmann & 
Young (1944) could distinguish it histologically, and the synaptic folds 
_ are clearly recognizable with the electron microscope (Birks et al. 1960), 
but,the identity of the factor responsible for the neuro-affinity awaits further 
research. As for neurotropism, Tello (1907) has suggested that the end- 


plate nuclei attract regenerating nerve fibres. Again, Tello (1917) and 


Couteaux (1941) in their interesting studies on the genesis of neuromuscular 
connexions reached the same conclusion to account for their constant 
finding of nuclei at the site, where during development the nerve fibre first 
comes in contact with the muscle fibre. 

Csillik & Savay (1959), using histochemical methods, claim that the 
_ cholinesterase activity of the denervated subneural apparatus exerts a 
neurotropic action. They further state that the subneural apparatus 
eventually disappears and that during regeneration a new one is formed. 
Nevertheless, their results may ‘be interpreted very differently. For 
example, they show pictures of regenerating endings in which synaptic 
folds are revealed by the cholinesterase stain. This may mean that synaptic 
folds are formed in a region previously devoid of them, or else, as seems 
more likely, it simply indicates the re-formation (or concentration) of 
cholinesterase in the old synaptic folds. 

Transmission of impulses through regenerated end-plates does not start 
immediately after the growing axon makes synaptic contact with the end- 
plate region. The failure to transmit is clearly not due to lack of ACh in 
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_ the axon terminal, since m.e.p.p.s are produced. It could be that the nerve 


impulse invades the terminal but fails to liberate ACh, but since the ending 
reacts ‘normally’ to certain agents, such as hypertonic solutions and 
mechanical irritation, this seems most unlikely. Presumably what 
happens is that the impulse fails to invade the ending because at this stage 
the regenerated fibre is unable to propagate impulses. The long latency 
observed when transmission is re-established is probably due to the slow 
conduction of regenerating fibres (Berry, Grundfest & Hinsey, 1944, 
Sanders & Whitteridge, 1946). A very low velocity is to be expected in 
view of the very small diameter of regenerating fibres (Cajal, 1928; Tello, 
1907; Hoffman, 1955). | 

It is becoming increasingly evident that motor nerve fibres exert upon 
muscle influences which are very different from the mere initiation of con- 
tractions. Buller, Eccles & Eccles (1960a, b) have found that nerve fibres 
control the differentiation of muscle into slow and fast muscles; and that 
such a control is probably exerted independently of neuromuscular 
impulses. A clear dissociation of a neural influence from muscular activity 
is found in the increased sensitivity of partially denervated muscle fibres 
(Miledi, 1960a), thus demonstrating a “discrete neural influence which 
controls the number and spatial spread of ACh receptors in the muscle | 


fibre membrane. It is the operation of that influence which on reinnerva- 


tion again restricts the ACh sensitivity to a small region of the muscle fibre. 

The measurements of the length of muscle fibre sensitive to ACh are of 
importance in connexion with the nature of the ‘receptor-controlling 
factor’ and its possible relation to the transmitter substance. The fact that 
the sensitive length returns to normal values before transmission is re- 
stored indicates that the receptor-controlling factor is liberated inde- 
pendently of nerve impulses. The factor might still be associated with the 
spontaneous liberation of the transmitter responsible for the m.e.p.p.s; 
but this is probably not the case, since normal sensitive lengths were 


found in a few regenerating end-plates in which the frequency of the 
| M.e.p.p.s was no higher than that in denervated end-plates. It seems 


therefore that the receptor-controlling factor is different from the trans- 
mitter and is liberated separately; but what it is and whether it has 
actions other than regulating the receptor units are questions at present 
unanswerable. 


SUMMARY 
1. Regenerating neuromuscular synapses have been examined, with 
intracellular electrodes, after partial or complete denervation of frog 


sartorius muscles. 
2. The frequency and amplitude distribution of the spontaneous 
potentials return to normal before neuromuscular transmission is restored. 
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3. The length of muscle fibre sensitive to acetylcholine is reduced before 
transmission is re-established. | 

4. In response to a nerve stimulus, pure end-plate potentials were not 
observed in regenerating junctions. The end-plate potentials were either 
large enough to generate muscle action potentials or did not appear at all. 

5. ‘Transmitting’ regenerated end-plates differed from normal in that 
the latency of their responses was greater, presynaptic failure of propaga- 
tion occurred more readily and post-tetanic potentiation was more 
pronounced. | 

6. Regenerating nerve fibres grow to the regions of the denervated 
end-plates. 

7. It was concluded that the neural factor which controls the number 
and spread of acetylcholine receptors in the muscle fibre is independent of 
nerveimpulses. Theevidence further suggests that the ‘receptor-controlling 
factor’ is not the transmitter substance and that it is liberated indepen-| 
dently of it. 


I am indebted to Professor B. Katz for much helpful discussion. I also wish to thank 
Mr J. L. Parkinson for continuous help and Mr A. C. Downing for a constant supply of 
micro-electrodes. 
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SINGLE-UNIT ACTIVITY IN THE LATERAL GENICULATE 
| BODY OF THE CAT 


By S. D. ERULKAR* anp MARIANNE FILLENZ 
From the University Laboratory of Physiology, Oxford 


(Received 18 July 1960) 


All impulses of retinal origin going to the visual cortex are relayed 
. through the lateral geniculate body. Both its complex anatomical struc- 
ture (O’Leary, 1940; Clark, 1942; Walls, 1953) and the functional pro- 
perties of its synapses, as revealed by electrical stimulation of the optic 
nerve (Bishop & Evans, 1956; Bishop, Burke & Davis, 1958, 1959; 
Bishop & Davis, 1960), suggest that this nucleus provides a site for 
integrative mechanisms. 

Brindley (1960) and Crescitelli (1960) have recently discussed the role 
of the lateral geniculate body. Hubel (1960), recording the responses of 
single geniculate units,in conscious, unrestrained cats, found that the 
activity of the lateral geniculate body is modified by arousal; the organiza- 
tion of the receptive field, however, as seen in the retina, undergoes no 
change until the impulses reach the cortex. 

In the present study, of which preliminary communications have 
appeared (Erulkar & Fillenz, 1956, 1958), the responses of single units in 
the lateral geniculate body of cats anaesthetized with sodium pento- 
barbitone to diffuse light stimuli were studied. Variation in the light 
intensity and different combinations of binocular stimulation revealed 


the occurrence of some integration at the level of the lateral geniculate 
body. | 


METHODS 


Eighteen cats were used. Each cat was initially anaesthetized with sodium pentobarbitone 
42 mg/kg (Nembutal; Abbott Laboratories). Subsequent maintenance doses of 14 mg 
Nembutal were administered either intramuscularly or intravenously when necessary. 

When the cat was deeply anaesthetized a tracheal cannula was inserted. The brain was 

exposed and the cerebral hemisphere overlying the lateral geniculate body was removed by 
gentle suction. The nictitating membranes were cut away, and the cat’s pupil was dilated by 
the application of a few drops of 1 % atropine to the cornea. In some experiments the eyeba!! 
was fixed by stitching a wire ring to the corneoscleral junction. Following these procedures 
the animal was placed in a stereotaxic holder and transferred to a light-proof box. 

A small tungsten-filament lamp, operated froma 6-V battery, provided the source of 
illumination, The beam of light which was in the direction of the visual axis was focused 


* Present address: Department of Pharmacology, University of Pennsylvania. 
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on to the cornea by a system of lenses. The angle subtended at the eye by the source of light 
was approximately 16° and the area of retina illuminated by direct, as distinct from 
scattered, light was 2-3 mm in diameter. The stimulus intensity could be varied by the inter- 
position of an Ilford neutral gelatine wedge filter, calibrated to a range of 4 log. units. The 
stimulus was signalled, as a deflexion of the lower trace of the oscilloscope, by means of a 
phototransistor placed in the path of the light beam, and the stimulus duration, ranging 
from 0-5 to 10 sec, was controlled by a camera shutter. 

For binocular stimulation two light sources identical in principle with that used for mono- 
cular stimulation were used. Precautions were taken in this series of experiments to screen one 
eye from the other, so that one light source could not stimulate both eyes. Reflexions from 
the wall of the box in which the cat was placed were minimized by covering the walls with 
black paper. The temporal relationships of the two stimuli were calculated from the signals 
on the records. In all experiments the light beam was directed at the area centralis of the 
cat’s retina. 

The micro-electrodes consisted of Wollaston wire encased in glass capillary tubing. The 
tip diameters of these electrodes ranged from 2 to 10 ». Changes in potential between these 
electrodes and an indifferent electrode attached to the scalp were led to a 4-stage capacity- 
coupled Grass P-4A pre-amplifier. The potentials were then led from the pre-amplifier 
through a power amplifier to a loudspeaker, and also to a Cossor 1035 double-beam oscillo- 
scope, where they were photographed. 

In each experiment the cat was first allowed to dark-adapt for 2 hr. The electrode was 
then introduced into the lateral geniculate body under direct vision. During each puncture 
the eye was stimulated with light flashes until a regular well-defined unitary response was 
obtained. Four to five flashes at this intensity were then given and the responses photo- 
graphed. Intervals of 25 sec were allowed between flashes. The stimulus intensity was then 
changed, and another series of four to five flashes given. Light_intensities were chosen at 
random and at least 1 min was allowed between successive intensity series, during which time 
the cat was in complete darkness. Units could be held for periods up to 2 hr, and many of 
the ones on which detailed measurements were made we held for 30 min or more. 

In some initial experiments we varied the duration of the stimulus, keeping the intensity 
constant. We found that the duration of the flash can be an important variable, but that 
there is a ‘critical duration’ (Lennox, 1958) above which the characteristics of the response 
do not alter. The value of this critical duration varied from one unit to another. We have 
always used flashes of at least critical duration in later experiments. 


RESULTS 


The activity of 165 units in the lateral geniculate body was recorded ; 
84°, of these units showed impulse activity in complete darkness, The 
frequency of this discharge varied considerably not only between different 
units, but also for the same unit during the period of recording, which in 
some cases was as much as 90 min. No unit firing in darkness ever showed 
a regular frequency over a sustained period of time: the activity consisted 
of brief, high-frequency bursts of impulses, or of trains of impulses at a low 
frequency. 

Of the 165 units only 19 did not respond to illumination of one eye, but 
since only a fraction of the retina was illuminated the receptive fields of 
these units may have failed to be stimulated. The remaining units showed 
a variety of response patterns: 57% were ‘on-off’ responses, 21 % were 
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‘on’ responses, 6% were ‘off’ responses and in 5% there was suppression 
of the spike discharge during illumination. The responses consisted of 
either brief, high-frequency bursts of spikes (called ‘bursts’) or longer, 
low-frequency trains of spikes (called ‘trains’). In most ‘on-off’ responses 
both responses were of the same type, i.e. the ‘on’ and ‘off’ responses were 
both either bursts or trains; but in some cases the ‘on-off’ responses were 
of mixed type. Changes in intensity sometimes produced a change from 
one response type to the other. Also in ‘on-off’ responses the ‘on’ and 
‘off’ responses often had different thresholds, and therefore the response 
pattern was not constant over the entire intensity range. For these reasons 
a rigid classification of units into response types was not possible. 

Some units responded to illumination of the ipsilateral, others of the 
contralateral, eye. During a number of vertical electrode penetrations we 
found two zones of units responding to contralateral eye stimulation 
separated by an intermediate zone of units responding to ipsilateral eye 
stimulation. The response characteristics measured in this study were 
response latency, response duration, spike number and frequency pattern. 
In a succession of identical light flashes, the first response was usually 
optimal, i.e. had the shortest latency, highest frequency, greatest spike 
number, etc. Subsequent light flashes with intervals of 25 sec produced 
diminishing responses. Two or three minutes in complete darkness were 
required to restore the response characteristics to their original level. 


Monocular stimulation 


Changes in the intensity of the light stimulus produced ica ts in a 
number of response characteristics. The values of the response charac- 
- teristics were plotted against the log. intensity of the stimulus. In most 
cases the points so plotted showed a fairly clear-cut relationship, although 
in a few cases they appeared to be scattered at random. 

_ An intensity range of 4 log. units was available. The graphs plotting 
log. intensity against response latency were of two kinds: in one the 
latency shortened and in the other it lengthened with increasing stimulus 
intensity. The first type of response (Fig. 1), which will be called ‘latency- 
decreasing’, was found in 44 ‘on’ and 32 ‘off’ responses. The second type 
of response (Fig. 2), called ‘latency-increasing’, was found in 5 ‘on’ and 
8 ‘off’ responses. In units giving ‘on-off’ responses only one part of the 
response, either the ‘on’ or the ‘off’, was of the latency-increasing type, 
the other being latency-decreasing. In both types of graph the curve 
flattened off at higher intensities, but the scatter of the latency figures was 
greatest when the latencies were longest. 

We found a considerable range of latency figures, both for different 
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1. Intensity-latency relationship for the responses of a unit showing 
shortening of latency with increase in stimulus mnhenatty: Each point on the 
graph represents one response latency. 
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Fig. 2. Intensity—latency relationship for the responses of a unit showing 


sera of latency with increasing stimulus intensity. 
PHYSIO. CLIV 


209 


4 

“4 

e 

n 

e 
y 

d 
© 600 

j 

h 

4 
> 
j 

1S 
r. 

ie 
iq 

| 

iy 


210 S.D. ERULKAR AND MARIANNE FILLENZ 


units at a given light intensity, as well as for a given unit over the available 
4 log. units of intensity range. 

Figure 3a and b shows the range of latencies for ‘on’ and ‘off’ responses. 
We chose the maximum intensity of our light stimulator, which was 
3-4 log. units above threshold for most of the responses, and at which most 
of the intensity—latency curves showed the flattening mentioned above. The 


a ‘On’ responses 
49 units 


Percentage distribution 


b ‘Off’ responses 
40 units 


100 200 300 400 
Latency (msec) 
Fig. 3. Histograms showing percentage distribution of latencies for ‘on’ and ‘off’ 
responses. Latency figures are mean response latencies for each unit at maximum 
stimulus intensity. Black columns are latency-decreasing and cross-hatched 
columns latency-increasing units. 


mean latency at this intensity can therefore be regarded as the minimum 
latency for the latency-decreasing responses and the maximum latency for 
the latency-increasing responses. The latter, indicated by cross-hatched 
columns, make up only a fraction of the long-latency responses. 

The change in latency with intensity varied considerably for differe''t 
units. We calculated the difference between mean latency at threshold and 
at maximum stimulus intensity for all the responses and compared tie 
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different response types. Latency-decreasing ‘on’ responses showed a 
shortening of latency between threshold and maximum stimulus intensity 
of 10-234 msec; latency-increasing ‘on’ responses showed a lengthening of 
latency of 18-293 msec over the same intensity range. For ‘off’ responses 
the corresponding figures were 10-316 msec for latency-decreasing and 
33-177 msec for latency-increasing responses. The maximum shortening 
(or lengthening) of latency bore no relation to either the threshold latency 
or the minimum latency, since the slopes of the intensity—latency curves 
varied greatly for different units. 

Response duration and number of spikes per response when plotted 
against log. intensity also gave two types of linear graph: an increase of 
duration and spike number with increasing light intensity, and a decrease 
in duration and spike number with increasing light intensity. Whereas 
duration and spike number always varied in the same direction for any one 
unit, the latency in some cases lengthened and in others shortened over the 
- same range of intensity changes. 

In some units changes in stimulus intensity produced changes in firing 
pattern. There were two distinct changes associated with the two basic 
response types, the bursts and trains. 

In 18 units, which at threshold intensity of stimulation re with | 
a single brief, high-frequency burst of impulses, progressive increase in 
light intensity caused the appearance of additional bursts. These later 
bursts appeared sequentially and like the first burst. showed shortening of 
latency with increasing intensity (Fig. 4). Figure 5 shows the mean | 
latencies of individual bursts in multiple burst responses. 

In 7 units which at threshold intensity of stimulation responded with a 
train at either ‘on’ or ‘off’, increasing the intensity of the stimulation 
caused the appearance of a brief pause in the train of spikes. This pause 
occurred after an initial maximum rate of ‘firing and was followed by a 
low-frequency. — The pause lengthened as the sn intensity 
increased. 


Binocular stimulation 


In an attempt to find out whether there is any convergence of visual 
impulses arising in the two eyes on to a single lateral geniculate neurone, 
we tried the effect of binocular stimulation on 63 single units. Only in 7 of 
these units was there a response to separate stimulation of the ipsilateral 
and the contralateral eye. The pattern of the response was not always the 
same for stimulation of each of the two eyes. Table 1 lists the mean latencies 
and response patterns of these 7 units. These units were found in areas of 
transition between regions of response to contralateral and ipsilateral eye 


stimulation, respectively. Although we have no anatomical evidence it 
14-2. 
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Fig. 4. Intensity-—latency relationship for a unit giving multiple burst responses 
at high intensities of illumination. Each point on the graph indicates a burst 


response. 
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Fig. 5. Histogram of mean latencies of individual bursts in multiple-burst 
responses. The total number of bursts was 24. 


TaBLE 1. Latencies (msec) of responses of units activated by separate stimulation 


Unit 
1 (10) 
1 (11) 
3 (11) 
1 (13) 
4 (13) 
5 (13) 
4 (12) 


of the two eves 


Ipsilateral eye Contralateral eye 
On Off On Off 
120 91 
147 89 46 — 
96 — 52 44 
114 90 — 113 
46 65 123 — 
230 84 185 73 
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seems likely that these areas of transition correspond to the interlaminar 
zones. 

In a number of units we tried various combinations of ipsilateral and 
contralateral eye stimulation. This approach revealed the existence of a 
group of units which responded to stimulation of only one eye, but whose 
response was modified by the simultaneous stimulation of the other eye. 
_ The response of a unit to separate stimulation of the two eyes was easily 
detected through the loudspeaker and only the 7 units mentioned above 
showed this type of convergence of impulses from the two eyes. However, 
to detect modifications in response pattern to stimulation of one eye by 
simultaneous stimulation of the other eye a detailed quantitative analysis — 
of photographic records was necessary. Of 19 units for which such analyses 
were done, 13 showed the latter type of binocular interaction. The modifi- 
cations of response pattern took a number of different forms. 

The mean response latencies to stimulation of one eye were increased in. 
6 units and decreased in 2 units by simultaneous stimulation of the other 
eye. 3 
In 6 units the rate of firing in response to visual stimulation of one eye 
was decreased by the illumination of the other eye. This effect occurred 
when the second eye was illuminated during the response to stimulation 
of the first. The suppression of the response lasted for the duration of 
stimulation of the opposite eye; when the illumination of that eye was © 
stopped, the response was resumed at its original rate of firing. 

Three units were isolated which responded with multiple bursts at high 
light intensities. In all cases ‘on’ responses were recorded to contralateral 
eye stimulation, but illumination of the ipsilateral eye did not evoke any 
detectable response. When the ipsilateral eye stimulation was added 
during the response to contralateral eye stimulation, the subsequent bursts 
were delayed, and the number of spikes per burst diminished. This effect 
was more marked, the earlier the stimulation of the ipsilateral eye occurred. 

In one unit stimulation of either eye alone produced no response, but 
stimulation of both eyes together produced an ‘on’ burst type of response. 
In one other unit the pattern of the response was altered by stimulation of 
the two eyes. Ipsilateral eye stimulation gave rise to an ‘off’ response 
regularly, but only to an irregular ‘on’ response ; contralateral eye stimu- 
lation appeared to be without effect. When the ipsilateral eye was stimu- 
lated during the illumination of the contralateral eye, the ‘off’ response 

was eliminated, while the ‘on’ response occurred regularly. — 


Effects of additional anaesthetic 


In order to find out whether some of the very long latencies shown in 
Figs. 3 and 5 were an effect of the anaesthetic, we studied the effect on 
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latency of a number of successive doses of sodium pentobarbitone in 
addition to the initial anaesthetic dose. This was done with four different 
units. Figure 6 shows the latency changes in one of these units, which 
gave a double burst response, when a number of doses of sodium pento- 
barbitone of 9 mg each, were given intravenously. The initial effects of 
the administration of the anaesthetic were to increase the latencies of 
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gise | 
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No response 


of 


Time 
Fig. 6. The effect of increasing depth of anaesthesia on response latency. At each 
arrow a dose of 9 mg of sodium pentobarbitone was administered intravenously. 
The unit initially gave a double burst response: after the fourth dose of anaesthetic 
the second burst disappeared. 


both the first and second bursts until the second burst was no longer 
evoked by the stimulus, Injection of further doses of anaesthetic caused 
the latency of the first burst to be increased until finally no further response 
occurred. The maximum increase in latency produced by the additional 
anaesthetic was 40 msec. For this unit an intensity series was done after 
the supplementary administration of 27 mg sodium pentobarbitone intra- 
venously. Although all latency values were greater after the extra 
anaesthetic dose, there was no difference in the slope of the intensity- 
latency curves. 
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DISCUSSION 


In comparing the responses described in the present study with those 
recorded from retinal ganglion cells (Kuffler, 1952, 1953) and from single 
units in the optic tract (Lennox, 1958) the results are best considered 
under three headings: discharge characteristics, intensity variation and 
binocular stimulation. 

Discharge characteristics 

The impulse activity in the absence of illumination recorded here in 
anaesthetized cats was also found by Hubel (1960) in unanaesthetized 
animals and is at least partly due to activation from the retina (Bornschein, » 
1958). Hubel (1960) also described the brief, high-frequency bursts but 
found that these were abolished by arousal. 

The striking variability of responses to a series of identical stimuli may 
be attributable to both arousal and to the long-lasting excitability changes 
following activation (Evarts & Hughes, 1957a, b; Vastola, 1959; Bishop & 
Davis, 1960). | 

Intensity variation | 

Latency-increasing responses were found in the retina (Kuffler, 1952, 
1953) but were considered anomalous and due to inhibitory interaction 
within the receptive fields of light-adapted retinae (Barlow, Fitzhugh & 
Kuffler, 1957). In the lateral geniculate body 15 % of responses are latency- 
increasing, and it seems likely that these are due to inhibitory interactions 
between a number of ganglion cells activated by the diffuse illumination of 


the retina. Increasing the intensity of illumination is likely to increase the 


number of active ganglion cells, a proportion of which probably exert an 
inhibitory effect at the lateral geniculate body. A similar inhibitory 
mechanism may explain the appearance of pauses in long-sustained 
responses with an increase in stimulus intensity. 

The mechanism of latency-shortening with increasing intensity has been 
discussed by Rose & Mountcastle (1954) for thalamic units and they suggest 
that a delay of up to 3 msec can be introduced at one synapse by varying 
stimulus strength. Even allowing for many more synapses in the pathway 
investigated in the present study, a change in latency of over 300 msec 
cannot be explained by lengthening of synaptic delays only, but must 
involve a change in interneuronal pathway as well. The existence of such 
polysynaptic pathways is also suggested by the great range of minimum 
latencies and by the appearance of late bursts in multiple burst responses. 
Such an explanation for the latter is supported by the finding that the 
late bursts have a higher threshold and show a greater eas aie to 
anaesthetics than the earlier bursts. 
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Binocular interaction 

Although all the older anatomical evidence (Minkowski, 1920; Glees, 
1941; Cohn, 1956; Silva, 1956) stressed the complete segregation of fibres 
from the two eyes in the lateral geniculate body, recently Hayhow (1958) 
has shown that in the interlaminar zones and in the nucleus interlaminaris 
medialis there is extensive overlap between fibres from the two eyes. The 
method of Nauta and Gygax for staining fibres only shows preterminal 
degeneration and it therefore cannot show whether any one lateral genicu- 
late neurone receives synaptic end feet from fibres coming from the two 
eyes. Evidence from responses to electrical stimulation of the optic nerves 
(Bishop et al. 1959), and the responses to physiological stimulation de- 
scribed in the present experiments, indicate that this must be so. The 
number of units fired from both eyes was very small. The units whose 
response to stimulation of one eye was modified by simultaneous stimu- 
lation of the other eye suggest that in these cases the synaptic termi- 
nations of fibres from the two eyes may differ qualitatively or quanti- 
tatively. 

It is interesting to note that most of the modifications which discharge 
patterns undergo in the lateral geniculate body seem to be inhibitory : this 
may be the function of the short axon cells which are abundant in the 
lateral geniculate body of the cat (O’Leary, 1940). It seems then that there 
is modification in the lateral geniculate body of the retinal discharge 
pattern, coming from each eye as well as some binocular interaction, 
although the significance of these changes is not understood. 


SUMMARY 


1, The responses Kok sthgle units in the lateral geniculate body of the cat 
to flashes of white light were recorded with extracellular micro-electrodes 
of tip diameters 2-10 ». The animals were anaesthetized with sodium 
pentobarbitone. Most units showed firing in darkness. The responses to 
light stimulation consisted of a variety of patterns. Successive responses 
to identical stimuli showed considerable variation. 7 

2. Increase in light intensity above threshold produced changes in all 
response characteristics: latency in most units was shortened, but in 15°, 
of responses it was lengthened. Response duration and spike number 
showed similar changes. In some units increase in intensity produced 
changes in the firing pattern. 

3. Latency figures varied widely for different units at a given intensity 
as well as for a given unit over 4 log. units of intensity change. Adminis- 
tration of supplementary doses of anaesthetic caused an increase in tie 
latency of only 40 msec before no further response could be evoked. The 
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bing latencies recorded in this study do not appear therefore to be due to 
the anaesthetic effect. 

4. Separate stimulation of the two eyes may activate the same unit. 
However, more often a unit only responded to stimulation of one eye, but 
its response could be modified by stimulation of the other eye. These modi- 
fications involved changes in latency, spike number, response duration, 


_ and frequency of firing. 


5. The results have been discussed in relation to the occurrence of 
interaction of impulses at the lateral geniculate body. 


We are grateful to Drs T. P. S. Powell and P. Glees for helpful discussion. We also wish 
to thank Professor E. G. T. Liddell for providing us with the facilities of his laboratory. 
One of us (S. D. E.) was assisted by a personal grant from the Medical Research Council. 
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THE TOTAL METABOLISM OF RATS DURING FASTING 
AND REFEEDING 


By MARY C. CUMMING anp S. D. MORRISON 
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(Received 2 December 1959) 


It is well known that the total energy metabolism of animals falls during 
fasting (e.g. Tigerstedt, 1910; Lusk, 1931). On the other hand, the available 
data demonstrate much disagreement on the extent of the change in either 
the total or the basal metabolic rate (M.R. and B.M.R.) during fasting. 

If an animal is starved for a period it loses weight, and its metabolism 
can be expected to fall by an amount corresponding to (but not necessarily 
proportional to) the decrement of active body tissue. Where the total 
metabolism is measured, the fact that the animal is deprived of food 
reduces its heat production also by reducing its activity and the heat 
increment due to obtaining, eating, digesting and metabolizing food. 
While, however, the energy cost of eating is largely eliminated in complete 
deprivation of food (although refection and rumination may continue in 
some animals), the other components of the heat increment of feeding are 
not completely eliminated and may, in certain circumstances, increase. The 
question arises, therefore, whether the fallin total energy expenditure during 
fasting can beentirely accounted for by the changes in metabolizing mass and 
food intake, or whether there is also a component accountable to fasting qua 
fasting ;i.e. whether there is a true change in metabolic rate when changes in 
body weight and in ‘supra-basal’ energy costs are included in the reckoning. 

The analysis of this type of problem is always complicated by difficulty 
in taking body size into account. Body size is most conveniently measured 


_ as body weight, and that has been used in this work. Many other measures 


of body size have been suggested as reference bases for metabolic rate, but 
they have never been shown to be applicable to total metabolism. When 
body weight, or any function of body weight, is used as a measure of body 
size, then, if the decrease of each of the chemical components of body 
weight is in proportion to the corresponding concentration of each com- 
ponent in: the normally fed animal, it would be reasonable to expect the 
decrements of body weight and of metabolizing potential to be propor- 
tional. If, however, the components alter in different proportions, then it 
is not strictly legitimate to equate the fall in metabolizing mass with fall 


in body weight. It is apparent that any resultant change in the manifest 
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metabolic rate of the animal could as easily be due to'a, change in ratios of 
more rapidly to more slowly metabolizing tissues, as to a change in meta- 
bolic rate of one or more tissues. 

It is not possible, at present, to acquire all the information necessary to 
answer, for the whole animal, the absolute question: is there a change in 
metabolic rate of tissues during fasting? It is, however, possible, to ask 
whether there is any change in the total energy metabolism of a fasting 
animal independent of changes which lie in the empirical relationship 
between energy metabolism on the one hand and body weight and the heat 
increment of feeding.on the other. This form of question makes no assump- 
tion about the composition of the decrement of body weight, or about 
changes in the individual components of energy expenditure. The methods 
here used allow some analysis of the composition of body weight change 
and of the degree of variation in activity of those animals whose energy © 
expenditure is measured’, during the precise periods for which it is 
measured. The manifest behaviour of the total metabolism has been 
examined in the light of these changes. 


METHODS 


General 


The work was done on five adult male hooded rats of initial body weight 180-260 g. 
A preliminary experiment was done on one rat for three experimental periods. Several 
technical problems and faults arose in this experiment which limited the validity of the 
findings; these are in substantial agreement with the remainder of the work but they have 
not been included in the general analysis of the results. The main experiment was done on 
four rats, each of which was subjected to two periods of fasting and recovery. 

The experimental periods all consisted of 2 days’ normal feeding with water and food 
(diet 41, Bruce & Parkes, 1949) available ad lib., 2 days’ total deprivation of food (but no 
restriction of water intake), and some days’ recovery with food and water ad lib. The 
recovery periods were, for the first rat, 2, 3 and 1 days in the successive experimental 
periods, and 4 days for each experimental period in the other 4 rats (main experiment). 

The animals were maintained in an indirect calorimeter for each 24 hr of the experimental 
8-day period. The technique has been described in detail previously (Morrison, 1955). Body 
weight was measured daily. The total oxygen consumption, carbon dioxide production, food 
and water consumption, urine weight, vaporized water, faecal mass, and urinary, faecal and 
food nitrogen were measured for each 24 hr of experiment. Faecal and food energy were 
directly measured by bomb calorimetry. The environmental temperature in the animal 
chamber during experiment was 23-25° C and the average relative humidity was 40%. 

Derived values, such as energy expenditure, were computed as described previously 
(Morrison, 1955). The total respiratory quotients (R.Q.) were calculated from the total oxygen 
consumption and carbon dioxide production for each 24hr. For non-protein R.Q. the 
correction for protein. catabolism was calculated from the measured urinary nitrogen for each 
24 hr. The amounts of urine solids and of water of urine were calculated for each day of experi- 


ment, from the measured 24 hr nitrogen, from a relationship established experimentally as _ 
part of later work: 
S = (0-174+ 0-05) + (0-004 + 0-0003) U, (1) 


where S is solids of urine in grams and U is total nitrogen of urine in milligrams. 
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During starvation the normal methods of indirect calorimetry in mammals are thrown 
into error by the amount of ketone bodies appearing in the urine and expired air. The rat, 
however, shows only a slight fasting ketosis. The elimination of ketone bodies by the rat on 
the second day of fast in the urine (Roberts & Samuels, 1949; Mayes, 1959) and in the 
expired air (Pratt, Burr, Eden & Lorenz, 1951) amounts to less than 0-1 % of the daily 
turnover of energy. 


Partition of tty weight increments 
Any body-weight increment consists of a part attributable to change in tissue mass and a 
part attributable to change in ‘extra-corporeal’ mass, notably (and for dry matter, almost 


_ entirely) to change in gut contents. Average values for the amounts of each can be obtained 


by slaughter and chemical analysis, but this does not give useful information about the 
changes in one animal. Composition of carcass shows great variation between individual 
animals of equal body weight or of equal age and maintained as nearly as possible under 
identical conditions (Pratt & Putney, 1959; Cumming & Morrison, unpublished work). 
Variation in mass of gut contents between individual animals maintained under control 
conditions is as great as the change caused by imposition of a 48 hr fast (Table 1). A method 
of deriving, separately, for an individual animal throughout experiment, the increments in 
body tissue and gut contents would, therefore, be of value. If complete figures are available 
for energy, nitrogen, water and weight balances it is possible to partition the dry matter, 
nitrogen and energy increments into tissue and gut components. Use of average direct 
measurements of moisture in gut contents (which is less variable than total gut contents) 
enables the partition to be made, although less accurately, for water. 

The total retention of dry matter by an animal over any period can be expressed in the 
form: 

AF+ AP+ AC+ AM+ AR+ AG = Awt.— AH,O, (2) 
where AF, AP, AC and AM are the tissue increments of fat, protein, carbohydrate and 
minerals, respectively, A.R represents the tissue increment in other dry matter, AG is the 
dry-matter increment of gut contents, and Awt. and AH,O are the total increments of 
body weight and of body water. 

It can be assumed that AM and AR are negligible over a 24 hr period. The values for the 
24 hr non-protein R.Q. (Fig. 2a) show that AC is only likely to be large on the first day of 
fast and on the first day of refeeding. These changes in AC are likely to be about + 0-5g or 
2-1 keal (estimated from Cori & Cori, 1926; Mayes, 1959). 

If AG could also be assumed to be zero there would be two ways of calculating the 
changes in tissue fat during the period: 

AFat’ = Awt.— AH,O-—6:25AN + AC, (3) 
A Fat’ = (AEnergy—35AN +4-2AC)/9-45,, (4) 
where /\ Fat is the apparent increment of body fat, AN and AEnergy are the measured 
total increments of nitrogen and energy. The constants 6-25, 35 and 9-45 in these equations 
are, respectively, the conversion factor for nitrogen to tissue protein (assuming tissue 
protein to contain 16% nitrogen), the heat of combustion of protein in kcal/g protein. 
nitrogen and the heat of combustion of tissue fat in keal/g fat. The value of 35 kcal/g protein 
nitrogen for a protein containing 16 % nitrogen implies a heat of combustion of 5-6 keal/g 
for protein. These are close to the values assumed in the calculation of heat prnneen from 
the respiratory and nitrogen exchange (Loewy, 1911). 
The value fox AC in equations (3) and (4) has been taken as —0-5 g for day 3, +0-5¢ 


_ for day 5 and zero for all other days. The mean fat increments estimated by these equations 


for cach day of experiment are shown in rows | and 2 of Table 1. The most notable dis- 

crepancies between the two methods of derivation of apparent A Fat occur for the first day 
of fasting (day 3) and for the first day of refeeding (day 5). The discrepancies arise pre- 

dorminantly from the difference between the energy values of fat and of gut re fs 
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To partition the increment of dry matter between tissue and gut contents, energy values 
of 9-45 keal/g tissue fat (Brody, 1945) and of 4 kcal/g protein-free dry matter of gut contents 
(mean of heats of combustion of food and of faeces with allowance made for nitrogen content) 
have been assumed. The value of 4 kcal/g for protein-free dry matter of gut contents is a 
composite one, as the gut contents are made up of carbohydrate, fat and non-energy- 
providing material. This value will, therefore, alter with changes in composition of the dict, 
with changes in the absorption of the diet from the gut and with changes in distribution of 
gut contents between stomach and intestine. Because of thé great variation in distribution 
of gut contents in normal animals, directly measured values obtained later for heats of com- 
bustion of protein-free stomach contents (4-00 keal/g) and protein-free intestinal contents 
(3-95 keal/g) were considered not to give a useful improvement in precision. 
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TABLE 1. Average values for two runs on each of four male hooded rats* 


Pre-fasting period Fasting Re-feeding 
Days 1 2 3 4 5 6 7 8 
A Rat’ (g)t +095 +070 -—451 -—3-14 43-68 41:33 +1-61 +2-09 
A Fat” (g)t +067 +073 -—3:18 +1:98 +145 +145 41-74 
D.M. increment in | 
gut contents (g)§ +058 —2:96 —1:03 +360 —0:24 +0-75 
D.M. increment in tissue (g) ||} +0:77 +098 —354 —-333 +127 +1:59 +1-71 +41°99 
% H,O assumed in increment 
in gut contents 78-5 78-5 78°5 78-5 65-0 68-0 73-0 78°5 | 
Direct measurement of 
gut contents 
Mean D.M. (g) 2:22 0-94 1-29 3°86 2-21 oo 4-82 
Range, D.M. (g) 0-6-1-2 0-9-2:0 2-:2-7-3 1-8-2-5 — 3:4-6-9 
% H,O (range) 66-81 77-81 75-82 63-76 70-84 -—- 69-76 
No. of animals 9 3 3 6 3 — 


D.M. = dry matter. * Day 5 values are the 1ueans of 7 sets of observations. + As 
estimated by equation (3). { As estimated by equation (4). § As estimated by equations 
(5)-(8). || Difference between total D.M. increment and D.M. increment of gut contents. 


The following equations can be constructed: 

AD = g+t+AC (5) 
AH = 49+9-45¢+4-2 AC, : (6) 
where AD is the total non-protein dry-matter increment, AH is the total non-protein 
energy increment, g is the non-protein dry-matter increment of gut contents and t is the 
non-protein dry-matter increment of tissue. These simultaneous equations were solved for 
each 24 hr of experiment. 

The dry matter of gut contents, estimated in this way, is increased to take account of the 
nitrogen of gut contents. For all non-fasting days this nitrogen concentration has been 
taken as the mean of nitrogen of dry food and of dry faeces, 29 mg/g. For the first and 
second days of fast the nitrogen of gut contents has been taken as the nitrogen of dry faeces 


on each day, 36 and 50 mg/g, respectively. To find the total dry-matter increment of gut 
contents the following equations are used: 


D.M, = 9+6-25N, (7) 
n = N/(g+6-25N), (8) 
where D.M. is total dry-matter increment of gut contents in grams, N is total nitrogen incre- 


ment of gut contents in grams, and » is nitrogen content of dry matter of gut contents in g/¢. 
The increment of tissue nitrogen is derived as the difference between total nitrogen increme:\t 


where 


2 
By 
q 
| 


METABOLISM DURING FASTING 223 


and nitrogen increment of gut contents; the increment of tissue dry matter is derived as the 
difference between (A wt.— AH,O) and the dry-matter increment of gut contents. This 
calculation was made for each day of experiment on each rat. The mean dry-matter incre- 
ments of gut contents and of tissue for each day of experiment are given in lines 3 and 4 
of Table 1. 

* The parallel calculations to divide total water increment into tissue water and water of 
gut contents require values for the moisture content of gut contents. This can only be 
obtained from average values for water content of gut contents of killed animals, and is, 
therefore, more liable to error than the estimation of dry-matter increments. Two groups 
of 15 and 12 rats were subjected to the same sequence of fasting and refeeding on the same 
diet. In all, 9 animals were killed after 3 days in individual cages on an ad. lib. diet, 3 were 
killed after 1 day of fast, 3 after 2 days of fast, 6 after 1 day of refeeding, 3 after 2 days of 
refeeding and 3 after 4 days of refeeding. The rat was killed by a blow on the head, the 
stomach and intestinal contents were removed immediately, were weighed separately and 
were then dried to constant weight. The moisture contents of gut contents obtained from 
these rats have been applied to the dry-matter increments in gut contents for each day of 
the metabolic experiments and are shown in row 5 of Tablé 1. The dry matter of the gut 
contents so measured is also shown in Table 1. 


RESULTS 
Energy exchange 


Expenditure of energy. In all experimental periods the total heat produc- 
tion fell rapidly during the 2 days of fasting to 78% of the pre-fasting 
production, and recovered, during the refeeding period, by progressively 
smaller increments (Fig. 1a). In only 3 out of the 8 experimental periods 
did the energy expenditure completely regain its initial (pre-fasting) level 
within the 4 days of refeeding. The mean recovery by the end of the fourth | 
day of refeeding was to 95-9 %% of the initial expenditure. 

Body weight fell continuously during the fast, to 90-5°% of the initial. 
value, and recovered during the refeeding period to 97:3% of the initial 
body weight (Fig. 1b). The recovery of body weight by individual animals 
was rather irregular (Table 2). Only 71 % of the weight lost during fasting 
was recovered during refeeding, compared with a recovery of 81% for 
energy expenditure. 

Food intake during the refeeding period was consistently higher than 
during the pre-fasting period (Fig. 1c). The mean increase in gross food 
intake was 145% (P < 0-001). 

Analysis of co-variance of the values for energy expenditure with those 
for body weight and for apparent absorbed food energy (Tables 2 and 3) 
allows the adjustment of the daily means to eliminate changes accountable 
to changes in body weight and food intake. The regression of energy 
expenditure on body weight and apparent absorbed energy intake (total 
energy intake less faecal energy) accounted for 99% of the variation 
between days of experiment; no significant variance remained after 
removal of the multiple regression component (‘days + residual’ in Table 3; 
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P > 0-1). The adjusted line for total energy expenditure at a constant 
body weight of 240g and constant daily apparent absorbed energy of 
50 keal is shown in Fig. 1a. The equation to the multiple regression between 


days of experiment (and including residual) is: 
= (0-24 + 0-02) W + (0-055 + 0-006) N — (221 + 4-4), 


TABLE 2. Values used for the analysis of co-variance of energy 
expenditure, body weight and food intake 


(9 


Pre-fasting period Fasting Refeeding 
~ 
Days... 1 2 3 4 5 6 7 8 
Energy expenditure (kcal/rat/24 hr) 
1 a 36-5 38-8 32-7 29-1 33-5 35-4 34-9 35-7 
b 39-6 39-8 32-9 29-3 33-2 35-7 36-7 36-9 
2 a 39-8 39-1 35-4 31-3 34-7 36-9 36-7 39-5 
b 40-5 39-9 35-2 31-9 37-5 37-0 39-0 38-1 
3 47-0 47-6 40-7. 35-0 40-9* 40-1 40-9 43-7 
b 42-1 43-5 37-4 35-9 37:2 41-4 42:2 39-8 
4 a 32-4 33-3 28-1 25:3 31-2 28-7 32-5 33-1 
b 31:8 29-2 24-7 24-0 28-4 28-7 29-2 30-6 
Mean 38-7 38-9 33-4 30-2 34-6 35-5 36-5 37-2 
Mean daily body weight (g) © 3 
a 232:1 233-2 2234 2239 2267. 225-5 
b 251-0 2520 2428 227-9 231-2 2416 244-1 244-8 
2 a 255-1 2563 2480 2341 2360 2448 248-2 251-1 
b 273-4 27384 263-7 249-4 252-5 259°9 260-2 262-7 
3 a 260°8 2590 249-8 2361 237-4 2483 253-0 256-3 
b 2725 265-9 249-6 251-3 262-7 265-9 265-6 
4 a 179-7 1782 1676 161-4 1646 165-1 1664 178-6 
b 1823. 180-6 172-7 1598 159-7 166-7 171-5 
Mean 238-6 2381 2292 2161 2182 2266 229-1 232-0 
Mean daily body weight calculated with fasting gut contents (g) . 
a 2129 210-2 2102 2085 2083 2133 2143 207-3 
b 231'8 230-1 2289 2249 2252 2303 233-6 235°5 
2 a 237-9 2353 232-3 231-5 2364 238-3 236-7 
b 250-8 249-2 2455 2483 249-5 248-6 
3 a 249-7 249-5 2456 234-7 231-9 237-5 240-2 240-9 
b 246-1 243-2 2449 247-6 2560 2639 270-1 
b 154-4 151-5 1555 1575 157-3 163:0 166-7 
Mean 219-8 2176 216-9 2137 213-0 216-9 2191 219-5 
Apparent absorbed energy intake (kceal/24 hr) 
l a 60-2 488 -59 -—08 66-5 63-2 49-6 63-8 
64-5 659 -—1-2 64-8 57-7 58-4 59-3 
2 a 41-7 563 -—-85 61-5 63:7 60-2 61-7 
b 46-5 39:38 —1-0 71-9 49-4 59-1 61-1 
3 a 62-9 522 -—-50  —06 67-0 59-3 58-0 63-8 
b 44-4 60-9 -60 -—09 62-5 66-9 60-1 58-1 
4 a 36-9 36-8  —09 51-4 29-7 50-0 54-1 
b 36-5 336 -—40 —08 43-9 44+] 42-5 51-9 
Mean 49-2 493 -—655. —08 61-2 54:3 54-7 59-2 


* This is a fitted value. The measured gaseous exchange for that day (giving a value of 
34-2 keal) showed evidence of error. 
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where £ is total energy expenditure in kcal/24 hr, W is the body weight 

+ in grams and N is the apparent absorbed food energy in kcal/24 hr. | 

The simple regression on body weight accounted for only 82°% of the 
| variation between days, leaving a significant residual (P < 0-001) (Table 3). 

‘vy  _The energy expenditure at constant body weight, adjusted by the simple 

regression on body weight (Fig. 1a), shows a fall in metabolic rate on the 

first day of ae and a rise above the rn level — the first 


| | day of refeeding. 


Taste 3. Analysis of co-variance of energy expenditure (Z) with observed body weight (W) 
and absorbed energy intake (N), and with calculated empty body weight (C) and absorbed 


energy intake (N) 
Multiple regression Multiple regression ~— on 
on W and V on C and N alone 
‘Variance ‘Variance ‘Variance 
regression Variance regression . Variance regression Variance 
3 Source of variance D.F, = 2 error error D.F.=2 error error D.F.= 1 error error 
~> Residual* 4-7 1-32 46 4-4 1-34 46 2-3 1-44 47 
Days + Residualt 2343 1:35 53 141-7 4-84 53 351-2 3-50 Md 
(Days + Residual)* 
— Residual 229-6 2-13 5 137-3 39-05 5 348-9 20-17 6 
Runs + Residual 476-7 4-95 53 483-6 4-69 53 939-5 5-12 54 
@ (Runs + Residual) 
— Residual _ 472-0 40-3 5 479-2 37-41 5 937-2 34-73 6 
Total 670-6 © 5-74 60 626-9 7-20 60 1152-1 8-75 61 


p.¥. = number of degrees of freedom. *These lines are compared to obtain the significance of the residual variation | 
between days. tThe regression coefficients derived from this component (equations 9 and 10) have been used to adjust ) 
. the daily energy expenditure to constant body weight and constant food intake (Fig. 1a). 

4 


! Energy expenditure with ‘constant’ gut contents. The increments in gut 
contents for individual days of each experimental run were calculated as | 

| described in Methods. Using these figures and starting from the total | 
| observed body weight at the end.of the second day of fast, we have derived 

values for the body weight assuming a constant gut content (that at the 
B end of the second day of fast). These derived body weights incorporate all 
the errors involved in estimating both dry matter and water increments of 
gut contents, and it is apparent (Table 1) that the gut contents after 48 hr 
fasting show considerable variation. The absolute values for the derived 
body weights are thus not very accurate. Undoubtedly, however, they 
> represent much more closely the true variations in metabolizing tissue than 
do the observed body weights. The multiple regression relationship 
between energy expenditure and this adjusted body weight and food 
intake (‘ or Table 3), is: 


= (0-113 + 0-047) C + (0-073 + 0-011) N + (8-2 + 10-3), (10) 


7 ( where C is the body weight in grams with fasting gut contents. # and N 
| are as | previously. The residual variance after removal of the multiple 
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regression was highly significant (P < 0-001) (Table 3). The energy 
expenditure adjusted by the coefficients of equation (10) to constant 
‘empty’ body weight and constant food intake (Fig. 1a), shows a drop in 
_ total metabolic rate during fasting with slow recovery during refeeding. 
Sources of energy expenditure. During the pre-fasting period 78, 6-5 and 
15-5 % of the energy expenditure were derived from carbohydrate, fat and 
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Fig. 1. Changes in energy expenditure, body weight and food intake throughout the 
experimental period. (a) @—@ mean daily energy expenditure; (J—O mean daily 
energy expenditure adjusted to 240 g body weight with no account taken of food 
intake; Q---© mean daily energy expenditure adjusted to 240 g body weight and 
50 kcal absorbed energy intake; A—A mean daily energy expenditure adjusted 
to 220 g empty body weight and 50 kcal absorbed energy intake. (b) @—@ mean 
daily body weight. (c) Each block represents mean daily food intake. In all figures 
stippled area represents the fasting period. 
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| protein respectively (Fig. 2b). The non-protein r.q. (Fig. 2a) for this 

period was 0-977 compared with the theoretical value for the diet of 0-955. 
The effect of this is seen in the tissue gain of energy from fat during this 
period (Fig. 2c). 
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During the first day of fasting the R.Q. fell to 0-766 and the derivation of 
energy was altered to 17-5, 67 and 15-5%. During the second day of fasting 
the R.Q. fell to 0-714 with the derivation of energy 2-5, 81 and 16-5 % from 
carbohydrate, fat and protein respectively. The change to catabolism of 
fat during this period is shown by the calculated tissue increment of 
energy from fat (Fig. 2c). 
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Fig. 3. Diurnal variation in oxygen consumption. @ Mean consumption for each 
4-hr period of experiment expressed as a percentage of the mean 4-hr consumption 
within the day in which the 4-hr period occurred; - - - - - - contain the times at 
which daily weighings and other procedures were done. N, noon. 


‘On the second day of refeeding the R.Q. rose to a mean of 1-054 and 
remained above unity for the rest of the experimental period. Out of the 
24 individual daily values for the last 3 days of refeeding only 2 were 
below unity. The mean energy derivation during this period was 101, — 17 
and 16% from carbohydrate, fat and protein respectively. 

Diurnal variation in oxygen consumption. This was found from the tota! 
oxygen consumption over each 4-hr period throughout the day and night 
as described previously (Morrison, 1955). The mean 4-hr oxygen consump- 
tion for each 24 hr of experiment has been expressed (Fig. 3) as percentage 
of mean 4-hr intake throughout that 24-hr period. 

The cyclical variation throughout the 24 hr was apparent as before 
(Morrison, 1955, 1956). The amplitude of the variation during the pre- 
fasting period was 17% of the mean 4-hr consumption, and during the 
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fasting period was 14%. These mean amplitudes do not differ significantly 
( > 0-1). During the first day of refeeding the diurnal variation did not 
alter, but during the last 3 days of refeeding recorded it rose to 23%, 
significantly higher than all previous values (P = 0-001). There was no’ 
consistent shift in time of maximum and minimum oxygen consumption 
‘during the experimental period. 

Faecal energy loss (Fig. 4). The dry matter of the faeces was only 0-2 g 
_on the second day of starvation, compared with the pre-fasting level of 
3-7 g. The heat of combustion per gram of faecal dry matter during the 
fasting period was 4-17 kcal, slightly greater than that in the pre- and 
post-fasting periods, 3-96 kcal (Pai, < 0-01). This difference has a 
negligible effect on the energy balance because of the very small mass of 
the faeces during fasting, and is largely due to the increased nitrogen 
content of the faecal dry matter. | 

Urinary energy loss (Fig. 4). This, by its method of derivation, follows 
exactly the course of urinary nitrogen. 

Energy balance. The total mean energy exchange with the daily apparent 
energy retention during the experiment is shown in Fig. 4. As total in- 
gested energy. was reduced to zero on the first day of fast, while energy 
expenditure and faecal energy loss did not reach their minima until the 
second day of deprivation, the negative apparent energy retention was 
greater on the first day than on the second. The gross mean loss of energy 
during the period of deprivation was 73-2 kcal. The gross mean energy 
gain during the recorded days of refeeding was 78-4 kcal. 


Ni itrogen exchange 

Nitrogen intake (Fig. 5). During refeeding nitrogen intake increased 
correspondingly to the increased food intake. The nitrogen content of the 
- food was 25 mg/g, corresponding to about 15% of protein (estimated on © 
food containing 10% water). 

Urinary nitrogen (Fig. 5). The mean daily pre-fasting level was 
227 mg/day. This fell during the first day of fasting to 196 mg (86%), 
with only a slight further fall to 187 mg during the second day of fasting. 
During the refeeding period the total daily urinary nitrogen, 234 mg, was 
only slightly (but significantly, P < 0-01) higher than that during the 
 pre-fasting period. 

Faecal nitrogen (Fig. 5). The nitrogen content per gram of dried faeces 
ome. the non-fasting days was quite variable, but the mean, 29-7 + 0-7 

mg/g, approximated to that of dry food (27-5 mg/g). 

During the fasting period the nitrogen content of faeces rose irregularly 
on the first day (35-9 mg/g) and consistently and markedly on the second | 
day (49-6 mg/g). This increase affects the —- of increments of gut 
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contents and tissue quite appreciably, but does not notably affect the fall 


in total nitrogen loss by this route during fasting. During normal feeding 
the nitrogen of the faeces made up about one-third of the total nitrogen 
turnover: during fasting it made up about one-eighth. 
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Nitrogen balance. The components of nitrogen exchange are shown in 
Fig. 5. The mean apparent retention was positive during all the non- 
fasting days. In only one experimental period with one animal was there 
a loss of nitrogen (— 29 mg) during the pre-fasting period. In two runs of 
another animal the balance was positive and large during the pre-fasting 
period, +326 and +336 mg for the 2 days. In the other five runs the 
balance varied from +1 to +89 mg. 


_ +500 r- 


Mean nitrogen exchange (mg/rat/day) 


+ 


Days 
Fig. 5. Components of mean nitrogen exchange: @ total nitrogen in ingested food, 
@ urinary nitrogen, [] faecal nitrogen, A nitrogen balance. 


The negative apparent retention on the first day of fasting was greater 
than on the second day. This, as with energy retention, was largely due to 
the greater total nitrogen loss in faeces during the first day. 

During the refeeding period the gross apparent retention of nitrogen rose, 
on the first day of refeeding, to + 111 mg and remained consistently higher 
than the pre-fasting period retention throughout the 4 days of refeeding 
(P < 0-01). The balance was negative for the first day of refeeding in one 
run. All other refeeding balances were positive. The cumulative positive 
retention of nitrogen during the recorded period of refeeding (377 mg) was 
rather less than the loss during deprivation (436 mg) (P = 0-02). 
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The increased positive apparent nitrogen retention during the refeeding 
period above that obtaining during the pre-fasting period was entirely due 
to the increased nitrogen intake during refeeding. There was no evidence 
of change in fraction of nitrogen absorbed nor of change in the rate of 
urinary loss with intake. 

Water exchange. 

Water intake. The average pattern of intake shown in Fig. 6 was also true 
for. individual runs during the pre-fasting and refeeding periods. During 
the period of deprivation, however, the fluid intake was so variable, both 
between animals and between runs on the same animal, that average 
values have little significance. In three instances the intake rose to over 
twice normal, and in three others fell to almost zero on the first day of 
fasting. Of the five other runs, two showed a rise of about 20% and one a 
fall of 30% in intake. The water intake on the second day of fasting was 
also very variable but without such extreme changes. The direction of 
changes in intake on the second day of fasting bore no consistent relation- 
ship to the direction of changes on the first day. 

Food moisture (Fig. 6). The moisture content of the food was 10% and 
food moisture contributed 1-2 g/day to the total water intake normally. 

Metabolic water (Fig. 6). This contributed 4-6 g/day to the total water 
intake during normal feeding and 2-3 g/day during deprivation. _ 

Urinary water loss (Fig. 6). During the pre-fasting period this loss was 
about 7 g/day, and during the refeeding period about 8 g/day. During 
fasting the mean urinary water was 18-3 g on the first day and 12-6 g on 
the second. (All these values, and those in Fig. 6, are for urine water and 
not for total urine.) | 

Although there was, again, some fluctuation in level between individual 
runs, the pattern was much more consistent in detail than it was for fluid 
intake. The three runs of the preliminary experiment all showed amounts 


of urine water during fasting 2-4 times as great as the amounts during the — 


pre-fasting period. Of the eight runs in the main experimental series, five 
showed the average pattern; one showed no change in amount of urine on 
the first day and a rise on the second, and two showed falls to about half 
normal on both days. These three runs were those in which fluid intake 
dropped nearly to zero on the first day of fasting. Those runs in which the 
water intake showed a rise or moderate fall all showed the raised output 
of urine. 7 

Vaporized water loss. The problems of obtaining a reliable value for this 
loss by the methods of indirect calorimetry have been discussed in an 
earlier paper (Morrison, 1956). The method described there for making 
adjustment for the addition of water evaporated from other sources 
(notably faeces) to physiologically evaporated water has been used here. — 
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Fig. 6. Components of mean water exchange: @ fluid intake, O metabolic water, 
© food moisture, m urinary water, <> faecal water, []) evaporated water, A water 
balance. 
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The corrected values (Fig. 6) show that there was no substantial change 
in vaporized water during the fasting period. With the fall.in mass of 
faeces during fasting, the values for vaporized water during that period are 
probably more accurate than at any other time. The fraction of the total 
heat eliminated by this route thus rises from about 18 % normally to about 
23% during fasting. It is probable that the apparent fall in evaporated 
water during the last 3 days of refeeding is an artifact arising from the block 
correction for evaporation of faecal water during the period of refeeding. 

Water balance. Gross mean water retention during the pre-fasting period 
was slightly negative (Fig. 6). Only 4 individual values (out of 16) were 
positive. During food deprivation all individual values were negative; the 
mean values were 10 g lower on the first and 5 g lower on the second day of 
fasting than were the mean pre-fasting values. The mean values during 
refeeding were all positive, but 11 individual values (out of 32) were 
negative. Only on the first day of refeeding was the positive retention high 
(+ 8-3 g). Each refeeding day of each run had a water retention of 2 g or 
more greater than the pre-fasting values. The gross mean water lost during 
fasting was 15-3 g or 58:5% of the body weight lost, while the water 
regained during refeeding was 10-7 g or 47:7 % of the body weight regained. 


Partition of increments between body tissue and gut contents 


The mean cumulative increments in dry matter, energy, nitrogen and 
water, along with the corresponding partitions of these into the parts 
attributable to increment in gut contents and the parts attributable to 
increment in body tissue, are shown in Fig. 7. For each variable considered 
the magnitudes of the calculated increments in tissue are reduced when the 
effect of increment in gut contents is removed. The difference is, of course, 
quantitatively much greater during the fasting period and at the beginning 
of the refeeding period, but even in the pre-fasting period the differences 
between gross and tissue increments are appreciable. 

During the first day of refeeding the gross increments were, for dry 
matter, energy and water the largest daily increments of the whole 
refeeding period, and for nitrogen as large as any other. The tissue incre- 
ments for all of these were, on the other hand, small on that day. For the 
subsequent days of refeeding the tissue increments in dry matter, energy 
and nitrogen were almost identical with the gross increments; the curves 
for the last 3 days of experiment are coincident or parallel. The high food 
intake on the first day of refeeding was thus largely a reflexion of gut 
filling; the high food intakes on subsequent days represent a true increase 
in nutrient absorption. 

The increments in tissue water are completely different from the form 
suggested by the gross water increments. There was no loss of water from 
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tissue during the fasting period, and such loss as occurred over the whole 
experiment mainly occurred on the first day of the pre-fasting period. 

Body composition 
Average values for the water, fat and protein contents of male rats of 
initial body weight (excluding gut contents) comparable with those used 
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Fig. 7. Mean cumulative gross increments per rat during the experimental period, 
and their partition into increments in tissue and in gut contents. (a) Dry matter; 
(6) energy; (c) nitrogen; (d) water. In each, @ is total increment, © is tissue 
increment and [] is increment in gut contents. 
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in this experiment are 67, 9 and 19% respectively (Spray & Widdowson, 
1950; Cumming & Morrison, unpublished work). With these figures as a 
starting point the change in body composition throughout the experi- 
mental period has been calculated by applying the tissue increments of 
water, protein and fat. The variations in tissue composition throughout the’ 
experimental period were slight (Fig. 8). 
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Variation in body composition 
(% empty body weight) 
T 


Days 
Fig. 8. The variation in body composition throughout the experimental period as 
percentage of body weight excluding gut contents: @ water, [] protein (N x 6-25), 
A fat. The composition on day 0 was derived from estimations made on other 
comparable rats. 


DISCUSSION 


The first observation that the energy expenditure of a mammal falls 
during starvation was made by Regnault & Reiset (1849). This finding has 
been repeatedly confirmed. What has continued in doubt is whether the 
metabolic rate also falls. The number of attempts to answer this problem 
has been large, including studies on man, farm animals and laboratory 
animals. The variation in findings is illustrated by a series of reports from 
the same laboratory on rats. Benedict & MacLeod (1928) reported that 
expenditure per square metre of body surface fell in the first 24 hr of 
fasting and thereafter remained constant; Horst, Mendel & Benedict 
(1930) reported that expenditure by the whole animal fell continuously, 
that per unit of body weight it fell on the first or second day of fasting and 
thereafter remained constant and that per unit of body surface it fel! 
gradually throughout the fast; and Benedict & Fox (1934) reported tha‘ 
expenditure fell markedly throughout the fast by any method of expression. 

There are many reasons for this disagreement, but much of it has arise 
through the use of short-term periods of metabolic study (seldom over 4 lh: 
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and usually less) within the fasting period, and through the problem of a 
reference basis for the expression of metabolic rates. The almost invariable 
use of short-term periods of metabolic study has its origin partly in the 
technical inconvenience of longer periods and partly in the confining 
tyranny of the concept of ‘basal’ rates. Many of the investigations into 
the effect of fasting had, as their primary object, the establishment of the 
earliest or optimum post-absorptive time at which basal determinations 


_ could accurately be made (e.g. Benedict & MacLeod, 1928; Wesson, 1931). 


In very few investigations has the energy expenditure or the food intake 
been recorded for the pre-fasting period, and where these have been 
recorded (Giaja & Males, 1926; Wesson, 1931; Kingdon, Bunnell & 
Griffith, 1942) the food intake has not been taken into account in deriving 
the metabolic rate. 

The problem of what unit of size to use as a standard of veabuines for 
metabolic rates has yet to find a satisfactory solution. It is sufficient to 
note here that a polynomial in W and W? does not fit the present data 
significantly better than the simple regression on W (P > 0:1). 

It is apparent from the present work that there was no change in total 
metabolic rate over either day of the 48-hr fast to which the rats were sub- 
jected; neither was there any change in rate during the refeeding period 
when both change in body weight and change in food intake (i.e. the total 
heat increment of feeding) were taken into account (Fig. 1a and Table 3). 
This is in agreement with the finding given in a preliminary report based 
on four experimental periods (Cumming & Morrison, 1955). When, how- 
ever, the metabolic rate was based only on body weight the rate appeared 
to fall on the first day of fasting and to rise on the first day of refeeding. 
It seemsditkely that the fall in rate reported during the first day of fasting 
in all other studies, and also the elevated rate reported at the beginning of 
refeeding by Pembrey & Spriggs (1904), by Quimby, Phillips & White 
(1948) and by Blaxter & Graham (1955) resulted from failure to take into 
account the energy cost of feeding, of digestion and of metabolism. 
Kingdon et al. (1942) reported particularly a transient but large rise in 
heat production and R.Q. of rats 22-26 hr after the beginning of fasting. 
A transient rise in R.Q. is not very meaningful. It seems possible, from our 
continuous record of oxygen consumption, that the rise in heat production 
found by Kingdon et al. may have been due to the occurrence of a peak in 
the diurnal ede (Fig. 3). In order to control precisely the time at which 
food deprivatidh started, these workers trained their rats to eat their 
entire food requirement for the day in two 2-hr periods, From their results 
an alternative possibility appears to be that the rise in metabolic rate 
which they observed was coincident with the expected but unfulfilled meal- 
times at the end of the first full day of fasting. 
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It is possible that the total m.x. might be sustained during the early 
period of fasting (which is all that has been studied here) by an increase in 
activity. consequent on food deprivation. There is some evidence for a 
raised activity during fasting (Hitchcock, 1928). Benedict & MacLeod 
(1928), however, claimed that there was no increase in activity during 
fasting. The present work also suggests that there is no increase in activity, 
as such an increase would be expected to increase the amplitude of the 
diurnal variation in oxygen consumption, whereas in fact an Reeagetibant 
fall occurred (Fig. 3). 

The high diurnal variation during refeeding (Fig. 3) is probably partly 
accountable to the increased energy cost of feeding with the high food 
intakes which occurred during the refeeding period: The increasing ampli- 
tude of variation on successive days of refeeding would similarly be partly 
accountable to the effect of increasing body weight on the energy cost of 
feeding (other than specific dynamic action.). The increasing amplitude | 
during’ refeeding may also represent some variable component of activity 
not directly related to feeding. If such an independent activity com- 
ponent were quantitatively important it could be expected to appear in the - 
form: of a high residual variance after removal of the multiple regression, 
and this residual is, in fact, very low (Table 3). 

Another possible way in which M.R. might be held elevated is by a 
relative increase'in more rapidly metabolizing tissue. The heat production 
of adipose tissue is low (Shapiro & Wertheimer, 1956) and if the relative 
amounts of fat, protein and water in the tissue were greatly altered during 
fasting and refeeding the aggregate tissue metabolic rate might appear to 
rise. The very slight changes in concentration of water, fat and protein of 
the tissue (Fig. 8) indicate that change in tissue composition is unlikely to 
have had an appreciable effect in the present experiments. The eventual 
rise in M.R. observed by Benedict, Horst & Mendel (1932) in prolonged 
fasting of initially very large rats might be explained by such an 
effect. 

Although there is no change in the total concentration of water in the 
tissue there might well be a change in the ratio of intracellular to extra- 
cellular water. The intra- and extracellular fluid spaces have been found to 
be related to the energy expenditure (Dahlstrém, 1950; Robinson, 1950; 
Wedgewood, Bass, Klimas, Kleeman & Quinn, 1953). These spaces have 
not been measured in the present work. An implication of the part of the 
present work dealing with partition of water into tissue water and wate” 
of gut contents, and already suggested by Cizek (1954), is that the extre- 
cellular water as measured is not necessarily at all closely related to th 
extracellular water actually associated with the tissues. _ 

Another aspect of the possible effect of varying proportion of tissue of 
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different metabolic rate is the changing amount of the absolutely non- 
metabolizing component of observed body weight, namely. gut contents. 
It has been seen from the analysis of the results with body weight with gut 
contents held constant that the removal of the variation in gut contents 
unmasks a large change in metabolic rate in this experimental sequence of 
fasting and refeeding. The conclusion must be, therefore, that while the 
total metabolic rate of the intact normal animal does not alter during 

fasting and refeeding if changes in both body weight and food intake are © 
~ taken into account, the metabolic rate of the tissues does fall even when 
the heat increment of feeding is taken into account. | 

The partition technique which has been employed to estimate the incre- 
ments in tissue during the experimental period requires complete balance 
figures for body weight, energy, nitrogen and water. The calculation entails 
a number of assumptions which may impose an absolute error on the 
partition. But as the partition for each day on each animal is derived from 
and is therefore consistent with the measured 24-hr metabolic exchanges, 
the relative changes shown by this partition method are likely to give a 
truer picture for a given experiment on a given animal than would .the 
application*of average values obtained by slaughter. In recent years the 
studies of Dewar & Newton (1948) and Dewar (1953) on mice, of Morrison 
(1955, 1956) and Pratt & Putney (1958) on rats, and of Blaxter & Graham 
(1955), Graham, Wainman, Blaxter & Armstrong (1959) and Blaxter, 
Graham & Wainman (1959) on sheep have obtained all the necessary 
information. We can find no record, however, that this — has ever 
-been made. 

The great differences shown in Fig. 7 between the gross increments and 
the calculated tissue increments during fasting and the beginning of 
refeeding demonstrate that attempts to describe and analyse tissue incre- 
ments on the basis of gross observed balances, however accurately these — 
may be done, are liable to be wildly in error wherever a steady state of gut _ 
contents is not known to exist. This applies not only to fasting experiments 
but also to overfeeding experiments, and to any situation where the mass 
of gut contents might alter. The appreciable change in calculated gut con- 
tents shown in the pre-fasting period (Table 1) demonstrates that it is 
difficult. to assess from simple measurements when gut contents may be 
altering. The experimental rats had been on the same diet since weaning, 
and during the pre-fasting period body weight, food intake, water intake, 
urinary water, total heat production and non- protein R.Q. were all stable 
within normal limits. 

The liability to serious errors arising in this way will obviously Me greater 
with short periods of study... Some of the anomalous findings in reduction 
of cbesity may possibly be explained in this way. Kekwick & Pawan (1956) 
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reported that obese patients lost body weight more rapidly on a diet 
in which 90 % of the energy was derived from fat than on diets in which 
90 %, of the energy was derived from either carbohydrate or protein. The 
diets were given iso-calorically (1000 kcal/day) and each study on each diet 
lasted 7 days. The nutrient component of the high fat diet had almost twice 
the caloric density, and, therefore, little more than half the bulk of either 
of the other two diets for iso-caloric amounts. As the additional weight lost 
on the high fat diet above that lost on the high protein or high carbo- 


hydrate diets averaged less than 1 kg in the entire period of study, 


certainly some and possibly most of this could be accounted for by change 
in gut contents. Fully absorbable carbohydrate or protein diets given to 
100 g rats produced gut contents about 1 g greater than that found with 
a fat diet, when the diets were given iso-calorically (Miller & Kriss, 1934). 

Apart from the differences in magnitude between tissue and gross 


increments shown for dry matter, energy and nitrogen (Fig. 7), the most — 


striking feature of the tissue increments is the time lag between beginning 
refeeding and the beginning of appreciable tissue gain. Almost a complete 
day ‘was required before the complex of gut filling, transport and absorp- 
tion was able to meet, equal and overcome the endogenous drain imposed 
by fasting. Ivy (1958) and Ju & Nasset (1959) have shown that, of the 


gastro-intestinal tract, only the major directly absorbing part, the small 


intestine, gained weight and nitrogen on the first day of refeeding after a 
48-hr fast. : 

The partition of water gain between tissue and gut contents has already 
been stated (Methods) to be much less reliable than the partition of dry 
matter. ‘The remarkable change in form of increment between total and 
tissue increment (Fig. 7d) is, we believe, too great to be attributed only to 
error in partitioning. The part at which error is most likely is in the last 
2 days of refeeding where the hydration of gut contents may be lower than 
has been estimated. Such an error would lead to a smaller decrement in 
tissue fluid than has been estimated, i.e. would make the change in form 
even more pronounced. The hydration of gut contents found here for 
normal feeding and fasting is in close agreement with other work (Aach, 
Rolf & White, 1957; Cizek, 1954). The only published results on refeeding 
after fasting (Lepkovsky, Lyman, Fleming, Nagumo & Dimick, 1957) 
gave lower values for hydration of gut contents than are used here, but the 
conditions of experiment are not closely comparable. 

The tissue water remained fairly constant throughout the experiment! 
period, apart from a marked fall during the first day of the pré- 
fasting period. The mean total water loss during the. fasting perio: 
found from the gross water increments, was 15-3 g, while that fro” 
the estimated tissue decrement was 0-7 g. This result is in contrast to the‘ 
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given in a preliminary report by Cumming & Morrison (1956), in which no 
account was taken of changes in gut contents. 
Again, these differences between gross water exchange and tissue water 


_ exchange point the danger of embarking on elaborate physiological inter- 


pretations of water increments derived by any of the variants of equa- 
tion (3). To use this equation to derive water increment involves a double 
error, the assumption that all non-protein dry-matter increment is tissue 


__ increment and is fat, and the —— that all water increment is 


tissue-water increment. 

The progressive slight dehydration of tissue during the pre-fasting period 
is presumably attributable to the existence of the animal in the indirect 
calorimeter. We do not know, at present, why this should occur. 

The physiological origins of the variations in water intake and, particu- 
larly, the greatly elevated urine volumes during the fasting period have 
been made the subject of further work preseay | in preparation. 


SUMMARY 


1. All the components of the energy, nitrogen and water exchanges of 
five adult male rats have been recorded continuously for a total of 11 
experimental periods of 5-8 days. Each experimental period consisted of 
a pre-fasting period of 2 days, 2 days of starvation and several days of 
subsequent refeeding. © | 

2. A method was elaborated by which the total observed increments of ' 
dry matter, of nitrogen, of energy and of water could be partitioned into 
the parts attributable to increment in gut contents and the parts attri- 
butable to increment in body tissues. 

3. The total energy expenditure of the rats fell during the 48-hr fast and 
rose during refeeding. _ 

4. When the changes in body weight and in food intake were allowed 


- for, the metabolic rate was found to remain constant throughout the whole 
_ experimental period. 


5. When the effect of changes in mass of gut contents was eliminated, 
the metabolic rate was found to fall during the period even when changes 
in food intake were taken into account. 

6. The gross increments in dry matter, in energy and in nitrogen during 
fasting and refeeding were much greater than the calculated tissue incre- 
ments. On the first day of refeeding most of the gross increment in dry 
matter could be attributed to refilling of the gut. Only a small amount of 
oe. was regained on the first day of refeeding. 

. The variations in gross water increment give a very misleading con- 
ce; en of changes in tissue water increment. No appreciable change in 
tissue water occurred during the fasting period. 
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8. Balance studies in underfeeding or overfeeding situations, where the 
methods do not allow for estimation of variation in aot contents, are liable 
to serious errors. | 
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It is now beliéved that noradrenaline is the main and possibly the only 
catecholamine liberated at post-ganglionic adrenergic nerve ending (Peart, 
1949; von Euler, 1951). There is still doubt however whether, in the intact 
animal, any of this noradrenaline finds its way into the circulation (Celander, 
1954). Using sensitive chemical methods various workers (Weil-Malherbe 
& Bone, 1953; Valk & Price, 1956; Cohen & Goldenberg, 1957; Robinson & 
Stott, 1958; Munro & Robinson 1958a; Keenan, Kleitsch & Humoller, 
1959), have consistently found noradrenaline, as well as adrenaline, in the 
normal human plasma although the levels observed have varied widely. 
The origin may be, of course, the adrenal medulla rather than the sympa- 
thetic nerve endings, but the information available on this point from 
animal experiments is difficult to interpret. If, as appears likely, adrenaline 
and noradrenaline are liberated into the peripheral blood stream, the 


question arises whether the concentration present at a particular time — 


reflects the prevailing level of activity of the sympathetic and aarenal- 
medullary systems. 

Our particular interest was the sympathetic nervous system in human 
spinal subjects; and with this object measurements of plasma adrenaline 
and noradrenaline were made on a group with complete transverse lesions 
at different levels of the spinal cord. If noradrenaline is liberated into the 
blood in proportion to the degree of sympathetic nervous activity, it 
might be expected that the circulating level in resting spinal subjects would 
be below the normal and possibly related to the level of the cord lesion. 
Furthermore, some information might be gained regarding the character 
of the human adrenal-medullary secretion by noting the change, if any, 
in the proportion of plasma adrenaline to noradrenaline occurring within 
the range of lesions at the spinal levels giving origin to the nerves 
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supplying the gland. For comparison, data have been included for a 


group of normal persons and another group before and after bilateral 
adrenalectomy. 

Eosinophil counts were made on blood samples from the spinal group. 
Since normal individuals develop an eosinopenia in response to injected 
adrenaline, it appeared likely that a significant. eosinophilia in the spinal 
group could be taken as additional, although admittedly indirect, evidence 
of subnormal levels of adrenaline in the plasma. 

Chemical methods of assay for adrenaline and noradrenaline in peripheral 
plasma have been criticized on the grounds of specificity. Biological 
methods have been regarded as more acceptable in this respect, but they 
lack the required sensitivity. We have used in the present investigation 
the chemical method originally developed by von Euler & Floding (1955a, b) 
for analysis of adrenaline and noradrenaline. The. ‘method has been 
modified by the incorporation of extra blanks and by using a highly 
sensitive fluorimeter (Robinson & Stott, 1958), 


METHODS / 


The blood samples were collected from the median cubital vein into 20 ml. seamen 
syringes containing the anticoagulant. Unless otherwise stated the blood was collected after 
the subjects had been seated for 2-3 min but not specially rested. 

Blood samples were obtained from sixteen healthy medical students and laboratory 
workers. Since posture affects the catecholamine values (Munro & Robinson, 19586) the 
collections were made from these subjects in both the supine and the upright sitting positions 
80 that the results could be more strictly compared with those of other workers. 

Blood was also collected ron forty patients with complete transverse lesions of the spinal 
cord, the result of fracture tions of the spine. The level of the cord lesions varied 
from the 4th cervical to the 3rd lumbar segments. These patients were in the upright sitting 
position during blood sampling and were well recovered from their initial injury. 

Blood samples were also obtained from eight female patients before and after bilateral 
adrenalectomy for carcinoma. The first samples were collected 2-4 days before the first 
operation and the second 6-8 days after the second operation. The collections in these cases 
were made with the patients lying in bed. A ninth patient was examined 9 months after 
operation for bilateral adrenalectomy but not before operation. 

Five millilitres of a solution containing sodium fluoride 2g and sodium thiosulphate 
3 g/100 ml. were drawn into a 20 ml. syringe, and the blood sample then drawn from the 
medial cubital vein up to the 20 ml. mark. With the minimum of delay the blood was 
centrifuged at approximately 2000 rev/min and the plasma separated. 

In @ few of the normal subjects blood was collected with special precautions to maintain 
the integrity of the plasma. The collection was made into silliconed syringes containing © 
Ee 500 i.u. heparin in a volume of 0:05 ml. Immediately after collection it was 

ai inte siliconed centrifuge tubes packed in ice and centrifuged as above, and the plasma 
sepals (Holzbauer & Vogt, 1954). 

“osinophil counts were carried out by the method of Pilot (1950) on forty-five fit subjects 
with spinal cord lesions of long standing. These subjects were in the upright sitting position 

coring sampling. 

“he catecholamines were isolated on micro-columns of alumina by the method of 
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Weil;Malherbe & Bone (1952). The adrenaline and noradrenaline content of the eluate was 
determined fiuorimetrically by a modification (Robinson & Stott, 1958) of the method of 
von Euler & Floding (1955a, b). 


RESULTS 
Adrenaline and noradrenaline levels in peripheral plasma 


Normal subjects. In normal healthy persons who had been sitting upright 
for 2-3 min after being engaged in the usual laboratory and ward duties 
the plasma adrenaline, as shown on Table 1, was 2:3 + 0-36 ug/l. (mean of 
sixteen subjects +s.D.) and the noradrenaline 4-28 + 0-64 g/l. (mean of 
fourteen subjects). 4 

After the subjects had been supine for 40-50 min the corresponding 
values were: adrenaline 1-72+0-51 g/l. (mean of seventeen subjects); 
and noradrenaline 2-2+0-26yg/l. (mean of seventeen subjects). The 
differences between the adrenaline values of the subjects in the supine and 
upright sitting positions is not. statistically significant but the difference 
between the noradrenaline figures is significant (P < 0-05). 

Samples taken as described by Holzbauer & Vogt (1954), i.e. into 
heparin in siliconed syringes from four normal seated subjects, gave 
adrenaline and noradrenaline values very much lower than those quoted 
above. The mean adrenaline value as shown in Table 1 was below the 
threshold of measurement by the method used, i.e. < 0:3yg/l. plasma, 
whilst the mean for noradrenaline was 0-9 g/l. (range 0-6-1-6 g/l.) The 
difference between the results when the blood is taken into the sodium 
fluoride and sodium thiosulphate solution and when taken into heparin is 
altogether outside the range of experimental error or of individual 
variation. 

Patients with complete transverse lesions of the spinal cord. Figure 1 shows 
the mean values for plasma adrenaline and noradrenaline, plotted in the 
form of histograms, in relation to the segmental level of the cord lesion. 


Plasma values for adrenaline and noradrenaline of normal subjects are also — 


shown for comparison. There are considerable differences between the 
plasma adrenaline and noradrenaline values of the normal and of the 
spinal subjects with lesions high in the cord. 

Table 2 shows that the concentration of plasma adrenaline in patients 
with complete cervical lesions is just above the limit of measurability with 
the methods used (0-3 ug/l.). These low values persist in cases with lesions 
down to a level below T3. A distinct increase occurs with lesions below 
T4 and T5 but the values are still below those found in normal controls. 
The plasma adrenaline attains its maximum in subjects with lesions below 
T’6 and from this point is not significantly different from the normal value. 

The changes in plasma noradrenaline are comparable to those o/ 
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in the peripheral plasma of normal human subjects 


Method of 
assay* 


THI 


THI 


EDA 
THI 


Rat 


uterus 


Adrenaline Noradrenaline 
(ug./l.+s.p.) (yg./l.+s.p.) 
2:3 + 0-36 4-28 + 0-64 
1724051 2-2 +0-26 

1-3 4-1 

<0-3 0-9 
0-00 + 0-01 0-2 
0-097 + 0-14 
0-06 + 0-05 0-3 +0-07 
0-06 <1-0 


$6781234567890112 1 


Method of 
collecting blood* 


Fluoride-thiosulphate 
Fluoride-thiosulphate 


Fluoride-thiosulphate 


Siliconed heparinized 
syringe 

Heparin 

Heparin 


Heparin 


Siliconed heparinized 
syringe 


247 


Tasue 1. Comparison of reported values for adrenaline and noradrenaline 


Authors 


Munro & 


Robinson 
(1958 a) 

Munro & 
Robinson 
(19586) 

Weil-Malherbe 
& Bone (1953) 

Munro & 
Robinson 
(19586) 

Valk & Price 
(1956) 

Millar (1956) 


Cohen 


Goldenberg 

(1957) 
Holzbauer & 

Vogt (1954) 


* THI indicates a trihnydroxyindole method; EDA indicates an ethylene diamine condensation method. 
The blood samples were collected into solutions of the substances indicated. 


23 4 
No. of Cervical Thoracic ' Lumbar — Normal 
2/2 3/3.3/3 2/2. 3/3 3/3 3/3 211 1111] 1 3/3 2/2 2/2 16/14 
Fig. 1. Plasma adrenaline (™) and noradrenaline (()) in patients with spinal 
lesions at different levels, and in normal man. 
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adrenaline in so far as very low values are found with cervical and high 
thoracic cord lesions. A relatively abrupt rise in concentration of plasma 
noradrenaline also occurs with a level of lesion just below T3, but again 
the values obtained with lesions below T4 and T5 are definitely lagging 
behind those of the normal controls. 

The noradrenaline values rise gradually with lowering of the level of 
lesion down to L1 and then rise abruptly between L1 and L3 to the normal 
value. Table 2 also shows the statistical significance to be attached to the 
above data. 


TaBLe 2. Plasma adrenaline and noradrenaline concentrations in subjects with 
complete transverse lesions of the spinal cord at different levels 


Level of cord Adrenaline Noradrenaline 
lesion (pg/l.+s.D.) (pg/l.+s.D.) 
C4-T3 0-4 0-254+0-24 15 
T4T8 1-65 + 0°48 1:15+0-49 9 
T9-L1 1-92 + 0-62 2:0 +047 9 
L3 2-0 +0-70 4:6 +1-2 2 
Normal 2-33 + 0°47 4:1 +0-46 16 
Significance of differences (¢ test) 
Between Catecholamine P 
determined 
C4-T3 and Adrenaline < 0-05 
T4-T8 
C4-T3 and Noradrenaline <0-01 
T4-T8 | 
T9-Ll and Noradrenaline <0-01 
normal 
L3 and Noradrenaline Not significant 
normal | 


The ratio of noradrenaline to adrenaline also varies. In normal subjects 
the plasma noradrenaline is always the higher, but with few exceptions 
the reverse occurs in the spinal subjects at all segmental levels between 
T4 and L1. On the other hand, in those with lesions at L3 the proportion 
is the same as in normal subjects. It would appear that some change of 
physiological significance, probably related to sympathetic nerve activity, 
occurs in subjects with lesions between L1 and L3. 

Subjects before and after bilateral adrenalectomy. In this group blood 
samples were taken with the patients lying in the supine position. Before 
operation the plasma adrenaline did not differ significantly in value from 
that of normal subjects in the supine position. It was 1-75 + 0-51 yg/l. 
(mean of eight subjects). The second blood samples taken 6-8 days after 
the second stage of adrenalectomy showed, in eight out of the nine patients, 
plasma adrenaline values too low to be measured by the method used. 
i.e. than.0-3 ug/l. The patient had a plasma adrenaline of only 
0-6 
The plasma noradrenaline before the operation was 1-94+0- 39 pg/l. 
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(mean of eight subjects). After bilateral adrenalectomy the noradrenaline 
value rose to 2-98+40-76yg/l. (mean of nine subjects). Of the eight 
patients who were studied both before and after adrenalectomy six showed 
a post-adrenalectomy increase in plasma noradrenaline, one a slight fall, 
and one no change. The differences between pre- and post-adrenalectomy 


_ values, however, are not statistically significant. 


Eosinophil counts (/ml. blood) 


8 


Level 4567812345678 91011121 23 Normal 
Crrviert Thoracic Lumbar 


Fig. 2. Eosinophil counts in 45 patients with spinal lesions at different levels, 
and in normal man. 


Eosinophil counts in spinal subjects 

Figure 2 shows in histogram form the eosinophil counts of forty-five 
patients with complete and long-standing transverse lesions of the cord. 
Thirteen out of twenty-one patients with lesions above T5 showed some 
degree of eosinophilia, i.e. counts above 300/mm*. Twenty-three patients 
with lesions complete at T5 and below all showed normal counts. The 
impression obtained is that eosinophil counts are about normal with lesions 
up to T2 level. With lesions immediately higher in the cord than this the 
eosonophil count rises significantly to an abnormal value and remains 
elevated about the same amount with higher levels of lesion. It is 
interesting to note the complementary character of the histograms for 


plesma adrenaline and eosinophil count. 


_ DISCUSSION 
Much of the previous work on the catecholamine content of the peripheral 
plasma has been concerned with the circulating levels of adrenaline and 
noradrenaline in the resting normal subject (Table 1), and the present 
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observations in this respect compare most closely with those of Weil- 
Malherbe & Bone (1953). These have been criticized, and their relatively 
high values explained, on the basis of a poor specificity of the method 
employed, but this cannot account for the present values, which were 
obtained by a different and more specific method of assay. The differences 
shown in the table appear to be due less to the method of assay than to the 
way in which the blood samples were taken. Weil-Malherbe & Bone (1958) 
found that human platelets contain adrenaline and noradrenaline and that 
they would take up both adrenaline and noradrenaline against a concentra- 
tion gradient. More recently Born & Hornykiewicz (1957) and Born, 
Hornykiewicz & Stafford (1958) have made a similar finding with pig 
platelets. It is possible that the platelets, by their capacity to absorb 
catecholamines, form a ‘trap’ taking up any transmitter which escapes 
into the blood from the nerve endings and receptor tissue: this could serve 
to help to localize a sympathetic response. Inspection of Table 1 suggests 
that where great care is taken to maintain the platelets and the integrity 
of the plasma generally (Valk & Price, 1956), the adrenaline and nor- 
adrenaline values are at their lowest. Where maximum disruption of 
platelets is likely to occur, as in the fluoride solution, maximum catechol- 
amine values are found. If it were possible to sample the completely 
undisturbed plasma then zero values might conceivably be found. On the 
other hand, in acute stress with maximum stimulation of the sympathetic 
and adrenal medullary systems the platelet trap might not be completely 
effective and measurable amounts of the catecholamines might be found 
‘free in the plasma’. | 

The present investigation shows that by measuring the ‘total extract- 
able’ adrenaline and noradrenaline rather than the ‘free’ and biologically 
active, a reasonable estimate may be made of the prevailing level of 
sympathetic and adrenal medullary activity. For instance, the increase in 
plasma noradrenaline with an unchanged level of adrenaline when normal 
subjects rise from the supine to the sitting position suggests increased 
activity of the vasoconstrictor nerves associated with an escape of. nor- 
adrenaline from the endings into the peripheral blood. Celander (1954), 
on the other hand, using a biological method of assay, was unable to 
demonstrate the presence of circulating sympathin even after maximal 
stimulation of the splanchnic nerves, that is, at a rate much higher than 
6—-8/sec, which Folkow & Uvniis (1948) estimated as the upper limit of the 
physiological rate of discharge of sympathetic vasomotor nerves. Obviously 
the fall in the catecholamine content of the plasma with progressively 
higher levels of cord lesions reflects the increasing degree of isolation of 
the sympathetic chain from the normal tonic control by centres in the 
brain. Small amounts of adrenaline and noradrenaline nevertheless persist 
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in the peripheral plasma of patients with long-standing cervical lesions. 
Sympathetic reflex activity at the spinal level, the presence of extra- 
medullary chromaffine tissue, or direct stimulation of the adrenal medulla 
by circulating metabolites, may account for this. We have found for 
instance that the occurrence of active infection in spinal patients leads to 
higher than normal plasma adrenaline values. 

Our observations confirm the view that the adrenal medulla is normally 
maintained in an active state by higher nervous centres. The plasma 
adrenaline values are significantly lower in the case of lesions above than 
below T 4, but not different from the normal in the patients with complete 
lesions below T6. The main outflow of secretory fibres to the adrenal 
medulla thus seems to occur between T4 and T6. Teitelbaum (1942) on 
the basis of anatomical studies describes a much wider secretory outflow 
from T5 to T11. Vogt (1952) found that the denervated adrenal medulla. 
of the cat continued to secrete both adrenaline and noradrenaline, but 
much less actively than the innervated gland. An abnormally high circula- 
tion of metabolites due to the operative procedures might at least partly 
account for the observed levels in the denervated animals. | 

The existing information with regard to the catecholamine composition 
of the adrenal medullary secretion has been mainly obtained by analysing 
the adrenal vein effluent in anaesthetized animals, i.e. under some degree 
of stress (Folkow & Uvniis 1948; Vogt, 1952; Dunér, 1953). This indicates 
a significantly greater proportion of noradrenaline than adrenaline, which 
becomes more pronounced when the nerves to the gland are stimulated. 
The present investigation affords some information on this point in the — 
unstressed human subject. Since spinal subjects with lesions below T4 
have a predominance of adrenaline in the plasma, it may be assumed that 
a normal level of adrenal medullary activity which is apparent only in 
subjects with lesions below this level in the cord provokes a secretion com- 
posed predominantly of adrenaline. 

The disappearance of adrenaline from the peripheral plasma after 
bilateral adrenalectomy suggests that all of it originates from the adrenal 
medulla and that the plasma adrenaline level in the intact subject is an 
index of the prevailing activity of this organ. The noradrenaline content 
of the plasma rose in most cases after bilateral adrenalectomy ; it is un- 
likely therefore that this substance forms any considerable part of the 
medullary secretion in man. Von Euler, Franksson & Hellstrom (1954) - 
observed a similar increase in urinary noradrenaline associated with a 
reduction of urinary adrenaline to 1/5 of the pre-operative level after 
bilateral adrenalectomy in human subjects. Since adrenaline has an 
important role in metabolism it may be that noradrenaline acting similarly 


but less strongly is increased in the circumstances to offset the loss of 
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adrenaline. The noradrenaline increase may also signify an enhanced 
stimulus to vasoconstriction in order to compensate for the loss of 
adrenocortical function. 

It is difficult to provide any explanation other than a change in plasma 
catecholamine concentration which would fit the fact that eosinophilia 
occurs only in those patients with lesions sufficiently high in the spinal 
cord to isolate completely the splanchnic outflow from the higher nervous 
centres. There is so far no evidence that other substances capable of 
changing the eosinophil levels, e.g. histamine, undergo a change in 
concentration about this level of lesion. The possibility remains that the 
effect is only indirectly mediated by adrenaline, since it has been shown 
that the ketogenic steroid excretion of spinal patients follows approxi- 
mately the same pattern when related to the level of the cord lesion as does 
plasma adrenaline (Robinson & Munro, 1958). That the adrenal cortical 
hormones are not necessary for an eosinopenic response to adrenaline is 
shown by the fact that it can be produced by adrenaline after removal of 
both adrenals. The present findings therefore suggest that subnormal levels 
of circulating adrenaline are directly responsible for the observed, 
eosinophilia. | 


SUMMARY 


1. The peripheral plasma levels of adrenaline and le ih have 
been measured in a group of normal human subjects, in a group with 
complete transverse lesions of the spinal cord, and in another group before 
and after bilateral adrenalectomy. Eosinophil counts were made in a 
corresponding spinal group. 


2. The plasma noradrenaline of the normal subjects was sesilicanity : 


higher in the sitting than in the supine position. 

3. Both the adrenaline and the noradrenaline of the plasma were 
significantly below normal in spinal subjects with cervical and high thoracic 
lesions. The data provide evidence for the presence, normally, of tonic 
_ activity in the sympathetic nervous system dependent upon its functional 


continuity with higher nervous centres. Adrenal medullary activity is 


similarly affected. 

4. The eosinophil counts in the ae group were inversely related to 
the plasma adrenaline levels. 

5. After bilateral adrenalectomy there was a significant reduction in 
plasma adrenaline but no corresponding fall in plasma “noradrenaline. 
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laboratory facilities for one of us (A.F.M). We wish to thank the Medical Research Council 
for an expenses grant to A. F.M. in connexion with this work, and the patients at the National 
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The idea that the rate of emptying of the stomach is strongly influenced 
by the osmotic pressure of the gastric contents stems from the experiments 
of Carnot & Chassevant (1905). They found that in dogs with duodenal 
fistulae saline nearly isosmotic with plasma left the stomach more rapidly 
than saline solutions which were more concentrated or more dilute. The 


influence of the concentration of salt on gastric emptying appears to be — 


much the same in man as it is in dogs. Shay & Gershon-Cohen (1934) in 
their radiographic studies noted that tap water left the stomach more 
slowly than isotonic saline. They also concluded that in order to slow 
emptying—presumably relative to the emptying of tap water—‘ hypertonic’ 
solutions of salts and glucose were necessary, whereas hydrochloric acid 
slowed emptying in solutions less concentrated than plasma in terms of 
milli-osmoles per litre. 

The present experiments, extending those described by Hunt in 1956, 


are a study of the working of the receptors concerned in the slowing of 


gastric emptying that appear to be sensitive to the osmotic properties 
of the luminal contents of the duodenum and small intestine (Shay & 


Gershon-Cohen, 1934). The results of some experiments with acids which 


probably work differently (Sircus, 1958) are also described for comparison. 


METHODS 


After washing out the stomach with 250 ml. of tap water at about 8 a.m., test meals of 
750 ml. of distilled water at 37° C containing various concentrations of solutes were given 
to four fasting volunteer medical students and the experimenters. The test meals contained, 
in addition to the solutes introduced as experimental variables, phenol red about 60 mg/l., 
which served asa marker and had no material influence on gastric emptying (Hunt, 1956). 
The meal was given down a tube into the stomach in about 75 sec. The tube was usually 
left down until the gastric contents were recovered some 10-30 min later, and the stomach 
- was then washed out with 250 ml. tap water. The amount of phenol red recovered in this 
wash-out divided by the concentration of phenol red in the previously recovered major 
portion of gastric contents gave the volume of gastric contents not aspirated previously, 
usually about 20 ml. The volume of the original meal remaining in the stomach at the time 
of the recovery was calculated from the amount of phenol red recovered. In arranging these 


¢: 
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experiments the interval between giving the meal and recovering it was usually adjusted 


_ for each subject so that the volume of meal recovered was at least 100 ml. out of the original 


750 ml. given. Strict adherence to the routine procedure was necessary to obtain 
reproducibility. 


The data reported here were collected during five years: because of a realization that the 
data initially obtained were inadequate in range or number for a new purpose, an interval 
of years separates some of the experiments within a single series in the same subject. Although 
the subjects studied are fewer than we would wish, the large number of meals given, over 
a thousand, and their scatter in time do provide some safeguard against the results being 
relevant only to special circumstances. The intensive study of a few subjécts was necessary 
to reduce the variability due to differences between subjects, so allowing quantitative 
comparisons of the action of solutes and mixtures of solutes. In some subjects who gave 
very variable results the experiments were ended shortly and these results are not considered. 


RESULTS 


The results record the relations between the volume of a test meal 
recovered from the stomach at a fixed time after its instillation and the 
milliosmolar (m-osM) concentration of solutes in the instilled meal. For 
the most part these relationships were linear, so that straight lines could 
be fitted to the data by the method of least squares. Where the relationship 
was not linear over the whole range, for example in Fig. 4, the lines were 
calculated only for that part of the range which appeared on inspection 
to be linear. Such lines are shown as full; curved lines, shown interrupted 
are fitted by eye. 


The influence of some monovalent and divalent anions and cations on 
the volume of meal remaining in the stomach after a fixed interval 


Figure 1 shows the relationship between the concentration of either 
hydrochloric acid or potassium chloride and the volume of test meal 
recovered after 20 min in subject J.N.H. It may be seen that hydro- 
chloric acid was about three times more effective per osmole than potassium 
chloride in increasing the volume of test meal recovered from the stomach. 


: Similar data for other electrolytes are given in Table 1. As the concen- 


trations were raised, so the amount of the original test meal recovered 
from the stomach after a fixed interval increased. Hydrochloric acid was 
the most effective per osmole, ammonium chloride the least effective. 

In previous work (Hunt, 1956; Pathak, 1959) it was noted that the 
threshold concentration for the slowing of gastric emptying by hydro- 


_ chloric acid was about 20 m-osm, and in the present work that for potassium 


chloride seemed to be at least 40 m-osm. Accordingly the regression 
equations shown in Table 1 for solutions of hydrochloric acid and for 
solutions of potassium chloride include only data for test meals containing 
concentrations of acid of 20 m-osm or more, and concentrations of 
potassium chloride of 40 m-osm or more. Reference to the intercepts (a) 
of the regression lines for meals containing hydrochloric acid or potassium 
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chloride and the axis for volume, in part 1 of Table 1, shows that in 
W.D.L.P. and J.N.H. the mean values for the volume of meals of water 
remaining at 20 min are less than those shown in part 2. This finding is 
consistent with the view that there is a threshold concentration for the 


Volume of meal remaining at 20 min (ml.) 


L 
0 - 200 400 
Concentration of HCI or KCi (m-osM) 


Fig. 1. A comparison of ‘the influence of HCl (@) and of KCl (A) on the volume 
of test meals remaining in the stomach after 20 min.. O = KCl+40 m-osmoles 
HCl. 


_ slowing action of hydrochloric acid and of potassium chloride. It may 
also be seen in Fig. 1 that potassiun chloride was equally effective in 
slowing gastric emptying with and without 40 m-osm hydrochloric acid. 
Table 1 also shows data for solutions containing ammonium chloride, 
which was less effective per osmole in slowing gastric emptying than either 
ammonium sulphate or calcium chloride. Putting these data together the 
conclusion seems warranted that calcium and sulphate were effective, 
whereas ammonium and chloride were relatively ineffective, in slowing 
emptying. 
| The influence of sodium salts on the volume 
of meal recovered after a fixed interval 


All the solutes so far considered except ammonium chloride i snced 
the volume of meal recovered as the concentration of solute in the meal 
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was raised. Sodium salts had a different action, as may be seen from 
Figs. 2 and 4 for example. As the concentrations of sodium chloride, 
sulphate or bicarbonate (Hunt, 1956) were raised, the volumes recovered 
. from the stomach after a fixed interval of time fell until the concentration 
in the meal at the time of instillation reached about 250 m-osm with 
the chloride or bicarbonate, and about 50 m-osm with the sulphate. Data 
similar to those shown in Fig. 2 for J.N.H. were obtained for J.D.P. 
At higher concentrations all these salts of sodium increased the volume 
of the gastric contents recovered as the concentration in the test meal was 
raised. 


TABLE 1. The influence of solutions of hydrochloric acid, sulphuric acid, potassium chloride, 
ammonium chloride, ammonium sulphate and calcium chloride on the volume of test meals 
remaining in the stomach after twenty minutes 


Subject .. J.D.P. W.D.L.P. J.N.H. 
Range of coneentra- r A y A A 
tions (m-osM) n* a 6 s.E.ofb n a b s.E.ofb n a b “s.E. of b 
HCl 20-100 14 375 2:66 +067 13 163 417 +065 22 180 3-07 +0-38 
KCl 40-500 16 295 1:25 +0-:20 30 265 0-95 +013 22 200 0-93 +40-25 
Mean volumes (ml.) of water remaining at 20 min 
Water 10 252 (s.£.+ 18) ‘319 (s.e.+15°3) 19 280 (s.z.+12-5) 
Regression lines fitted to data including those for meals of water rie 
NH,Cl 0-200 19 260 0-44 +0-16 21 323 0-20 +014 26.279 0-005 
(NH,),SO, 0-300 19 230 0-91 +013 15 318 090 +018 23 273 0-64 +4018 
aCl, 0-300 32 295 0-81 +014 18 327 0-86 +014 35 260 044 +0-14 
} H,SO, 0-100 14 264 480 +084 14 321 2:89 +050 23 242 2-60. +0-37 


* y = volume of meal remaining (ml.) at 20 min; x = concentration of solute (m-osm); n = number 
[ observations; a corresponds to the volume of meal remaining with zero concentration of solute, that 
| the intercept of the regression line and the ordinate; b —_— to the slopes of the lines as shown 
b Fig. 1; and y = a+bz. 


The influence of glucose and sodium chloride together on the volume of 
test meal recovered after a fixed interval 


Glucose added to test meals increased the volume of the test meal 
recovered as the concentration was raised (Hunt, 1956) like the solutes 
referred to in Table 1. Figure 3 gives data on the effect of various con- 
y centrations of glucose, on the relation between the concentration of 
sodium chloride and the volume of meal recovered after 30 min. It may 
be seen: 3 

(1) That 382 m-osm glucose in the meal apparently made the yolume 
recovered independent of the concentration of sodium chloride in the meal, 
that is, the highest line on the figure is horizontal; 

(2) That increase in the concentration of glucose increased the volume 
recovered from the stomach in the presence of various concentrations of 
sodium chloride; 
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(3) That the minimum volume recovered occurred with about 50 m-osm 
sodium chloride in the meal instead of 250 m-osm sodium chloride in the 
absence of glucose. 


Volume of meal remaining at 20 min (ml.) 


0 100 200 300 
Concentration of NaCl or Na2SO4 (m-osM) 


Fig. 2. A comparison of the influence of NaCl (@) and of Na,SO, (O) on the 
volume of test meals remaining in the stomach after 20 min (J, N. i. ). In all 
Figs. s.£. of means by }. 


Figure 4 shows some data from experiments designed to put the con- 
clusions from Fig. 3 on a more secure basis. In this instance the recoveries 
were made after 20 min and the effect of 126 m-osm glucose and sodium 
chloride was compared with that of sodium chloride without glucose. The 
figure shows: 

(1) That the concentration of sodium chloride giving a alia re- 
covery, that is, maximal rate of emptying, is less with 126 m-osM glucose 

' than it is with sodium chloride alone; 
(2) That the increase in the volume recovered per osmole increase in 
concentration of sodium chloride in the meal is less in the presence of 
glucose; 


(3) That at high concentrations of sodium chloride the volume recovered 
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with the meals containing glucose was less than with the meals containing 
sodium chloride alone. 3 

Altogether 306 test meals of this type were given to three subjects. ‘In 
the other two the results were similar to those shown in Fig. 4, except that 
in one the lowering of the concentration of sodium chloride giving the 
maximal recovery in the presence of glucose was not shown. 


A 


A J.N.H. 


> 


382 


Volume of meal remaining at 30 min (ml.) 


Numbers on the right show concentrations of glucose in the test meals (m-os M) 


J A 
‘ 
200 


200 400 
Concentration of NaCl (m-osm) 


Fig. 3. The influence of different concentrations of glucose on the volume of saline 
solutions remaining in the stomach after 30 min (J.N.H.). 


The relation between the concentration of sodium chloride and the 
volume of meal recovered was further studied with an experiment of the 
type illustrated in Fig. 3 in J.D.P. and J.N.H., with recoveries at 20 min 
after instillation. The slopes of the lines relating concentration of sodium 
chloride to volume recovered, over the range where the relationship seemed 
linear, are given in Table 2. The slopes became less as the concentration of 
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glucose was raised, as may be seen from Fig. 5, in which the slopes of the 
lines from Table 2 have been plotted against the relevant concentration of 
glucose. By extrapolation the concentration of glucose abolishing the 
effect of the concentration of sodium chloride on the volume of meal ) 
recovered was found to be 254 m-osm for J.N.H. and 270 m-osm for 


J.NLH. 


T 


400 


Volume of meal remaining at 20 min (ml.) 


0 200 400 — 600 800 1000 
Concentration of NaCl {m-osm) 
Fig. 4. The influence of the concentration of NaCl alone (@) and of NaCl in the 
presence of glucose 126 m-osm (©) on the volume of test meals remaining in the 
stomach after 20 min (J.N.H.). 


TABLE 2. The influence of the concentration of glucose on the relationship between the ' 
volume of meal remaining in the stomach after twenty minutes and the concentration of 
sodium chloride in the test meal 


Concen- Range of Range of 
tration of concentra- concentra- J.N.H. 

glucose tions of NaCl tionsof NaCl — A 
(m-osM) (m-osM) n a b 8.E. of b (m-osM) n a b S.E. of b 


0 160-780 16 114 0-42 +0-07 350-1000 15 —105 0-68 + 0-06 
100 200-800 5 120 0-39 +0-09 150-800 7 124 0-385 +0-04 
127 — — — — — 100-600 30 227 0-26 +0-055 
155 190-810 8 265 0-16 + 0-07 200-810 8 298 0-22 + 0-06 
200 200-800 12 370 0-17 +0-05 100—1000 10 377 0-18 + 0-085 
255 — 0—1000 10 505 0-036 +0-012 


* y = volume of meal remaining at 20 min (ml.); z = concentration of sodium chloride (m-osM)} 
n = number of observations; a corresponds to the volume of meal remaining with zero concentration of 
sodium chloride, that is the intercept of the regression line and the ordinate; b corresponds to the slopes 
of the lines similar to those shown in Fig. 3; y = a+bz. 


J.D.P. When these values are adjusted for the osmotic ‘eosticinat of 
glucose they become 274 and 290, that is slightly less than isosmolar with 
plasma. 

An interesting feature of this failure of the mechanism determining 
gastric emptying to respond to sodium chloride in the presence of glucose 
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can be appreciated by looking at Fig. 4. The volume of meal recovered 
with 1200 m-osm sodium chloride was less in the presence of 126 m-osm 
glucose than it was without the glucose, although in the absence of sodium 
chloride glucose increased the amount recovered. It seemed desirable to 
make a direct contrast between the influence of a constant concentration 
of glucose upon the response to a changing concentration of sodium 
chloride, and the influence of a constant concentration of sodium chloride 


Concentration of glucose (m-osmM) 


S10 
0 02 0-4 0-6 


Slope of line relating volume of meal remaining at 20 min to 
concentration of NaCl in meal 


Fig. 5. The relation between the concentration of glucose in a test meal and the 
effect of NaCl.on the volume of test meal remaining in the stomach after 20 min. 
@ J.D.P.; O, J.N.H. 


upon the response to a changing concentration of glucose, although the 


_ general form of the relationship at concentrations of sodium chloride up 


to 200 m-osm is apparent from Fig. 3. Eight test meals of 30 min duration, 
containing varying amounts of: glucose and 500 m-osm sodium chloride, 
were given to J.N.H.: the slope of the line relating concentration of glu- 
cose to volume of meal recovered was 1-27, S.£.+0:27. There is thus no 


doubt that sodium chloride even at a m-osm concentration greater than 


that of the plasma did not abolish the slowing action-of glucose on gastric 
emptying, whereas a solution of glucose isosmotic with plasma did abolish 
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The influence of sodiwm chloride on gastric emptying in the presence of acid 
Figure 6 shows the relationship based on 132 meals in three subjects 


between the concentration of sodium chloride in test meals and the volume 


00 


Volume of meal remaining at 20 min (ml.) 


Fig. 6 

£3 105 

aa 

E 

+s 0 40: 80 120 160 

Concentration of NaCl (m-osM) 

Fig. 6a 


Fig. 6. The influence of sodium chloride in the presence of 40 m-osm HCl on the 


volume of test meals remaining in the stomach after 20 min (C.B.B., P.J.S. 
and J.N.H.); (6a) combined data of Fig. 6. 
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of meal recovered in the presence of 40 m-osm hydrochloric acid. These 
data were combined by expressing the volume of each recovery as a 
percentage of the mean volume of all recoveries for that subject. The means 
of these percentages for the three subjects are shown at the foot of Fig. 6. 
In the presence of 40 m-osm hydrochloric acid there was a lower recovery 
with the meal containing 40 m-osm sodium chloride than with immediately 
higher or lower concentrations of sodium chloride. With higher concen- 
trations of sodium chloride the volume recovered fell as the concentration 
of sodium chloride was raised to 200 m-osm. It was not possible to explore 
the effects of higher concentrations of sodium chloride because they pro- 
duced nausea. 7 


J.N.H 

400 
E 
£ 
2 
£ 
E 
5 100 
> 

0 1000 2000 


Concentration of solute (m-osM) 


Fig. 7. The influence of ethanol (@), urea (A) and glycerol (©) on the volume of. 
test meals remaining in the stomach after 20 min (J.N.H.). 


The influence of urea, ethanol and glycerol on the volume of 
test meal recovered after a fixed interval 


Figure 7 shows data obtained in J.N.H. from test meals containing 
urea or glycerol. The response to test meals containing these solutes was 
similar to the response to meals containing sodium salts. There was a 
minimal recovery with 100-200 m-osM solutions. At higher concentrations 
these solutes gave progressively larger recoveries. Figure 7 also shows that 
with meals containing ethanol no minimal recovery was detected, the 
volume recovered increasing progressively as the concentration of ethanol 
in the meal was increased from zero. | 
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DISCUSSION 


The present experiments have confirmed the conclusions of earlier 
workers (Apperly, 1926; McSwiney & Spurrell, 1933; Shay, 1944) that 
there is a relationship between the concentration of a solute in a test meal 
and the rate of gastric emptying of the meal, and that this relationship 
varies with the solute concerned. The problem here is to describe the 
working of the receptor mechanism in this regulation of gastric emptying. 

The rate of emptying of the stomach might be thought to depend upon 
the degree of distension of the duodenum or jejunum by the gastric 
effluent. If the original meal contained some solute which was very little 
absorbed, the volume of the contents of the sensitive segment might remain 
large as a result of the osmotic action of the solute, and gastric emptying 
would be slowed. Hypotheses of this kind appear to be made untenable 
by the equal action per osmole of calcium chloride and sulphates (In- 
graham & Vissher, 1938), which are relatively little absorbed from the 
intestine, and glucose which is very readily absorbed. In addition, it has 
been found that when two meals are given in succession the second, passing 
into a full intestine, leaves the stomach more rapidly than the first (Hunt & 
Macdonald, 1954). Further, with meals of 750 ml. the ‘half-life’ of the 
emptying process is constant over the period during which the main part 


of the meal empties, but the fullness of the intestine must vary considerably — 


during this time (Hunt & Macdonald, 1954). Taken together these facts 
suggest that some mechanism other than the fullness of the duodenum or 
small intestine controls gastric emptying under these conditions. 

In the discussion which follows, the stimulus to the receptor mechanism 


has to be assumed to be adequately described by specifying the composition 


of the test meal. The experiments are designed to minimize the importance 
of any alimentary contributions to the environment of the receptor by 
washing out the stomach before the meal is given, by using a large volume 
of meal and by considering data mainly obtained from meals of short 
duration. At the time of the recovery the meal was usually diluted by 


about 10% as judged from the change in concentration of phenol red. 


There was no evidence that the highly concentrated solutions were more 
diluted in the stomach (Hunt, Macdonald & Spurrell, 1951), the greatest 
dilution occurring with meals which emptied rapidly, because of the 
smaller volume of the meal diluted by secretion and because secretion was 
less inhibited. At the time of the recovery the concentration in the gastric 
contents of acid derived from secretion was almost always less than 
10 m-equiv/l., which is below the known threshold for effects on gastric 
emptying: and, finally, some of the receptors responding to solutes in the 
gastric contents probably lie just beyond ths pylorus (Shay & Gershon- 
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Cohen, 1934), so that dilution by pancreatic secretion or bile might not 
influence the solution in contact with them. Considering all these points 
together, it may be concluded that although assessing the stimulus to the 
receptors from the composition of the instilled meal introduces an error 
it can be accepted for the moment. None of the test meals used in the 
experiments reported here produced nausea. Even had they done so it 
would not invalidate the results, since the work is concerned with the 
relationship between stimulus, receptors and response and not with the 
pathways mediating the response. It appears that the receptors of low 
threshold initiating the sensation of nausea lie in the walls of the duodenum 
(references cited by Hunt, 1956). 


J.N.H. 


Ethanol 


Glycerol 


200 


Volume of meal remaining at 20 min (mi.) 


0 500 1000 1500 2000 
Concentration of solute (m-osM) x coefficient of osmotic activity 


Fig. 8. The influence of the osmotic activity of various solutes on the volume of 
test-meal remaining in the stomach after 20 min (J.N.H.). Because Table 1 and 
Fig. 1, 2 and 4 include divergent data for eight meals of water obtained after 
the majority of the experiments in Fig. 8 were completed, the mean volume of 

meal of water recovered is not the same in Fig. 8 as in the other Figures. (On figure, 
for (NH),SO, read (NH,),50,.) 


It may be seen in Fig. 8 and Table 3 that the slopes of the lines relating 
the m-osM concentration of solute and the change in volume of meal 
recovered are approximately the same for ammonium sulphate, potassium 
chloride, sorbitol, glucose, calcium chloride and at high concentrations for 
sodium chloride, sodium sulphate and sodium bicarbonate. These com- 
pounds include combinations of monovalent and divalent anions and 
cations, and non-electrolytes, and it is difficult to envisage a separate 
receptor for each. On the other hand a single receptor responding to all 
more or less equally would presumably be sensitive to some common 
property : their osmotic activity is a candidate for consideration and there 
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is no obvious alternative. Hydrochloric and sulphuric acids are much more 
potent than the solutes mentioned above, so that they probably work via 
a different mechanism as they do in controlling gastric secretion in the dog 
(Sircus, 1958). It will be assumed that the osmotic regulation of emptying 
depends upon a single type of receptor, although at the moment there are 
no grounds, apart from the principle of Occam’s razor, entia non sunt 
multiplicanda praeter necessitatem, for supposing that this is so. 


TABLE 3. Relative activity of solutes on the osmoreceptor mechanism in one subject 


Range of 
concentrations 
Solute a* b 8.E. of b n (m-osm) 
H,SO, 242 2-60 +0-37 16 0-77 
Cl 238 2-32 +0-11 43° 0-100 
HCl 180 3-07 +0-38 22 20-100 
KCl 200 0-93 + 0-25 21 40-500 
Cl 257 0-75 + 0-07 40 0-500 
(NH,),SO, 279 0-64 +0-18 23 0-225 
Glucose 260 0-57 +0-04 36 0-550 
Sorbitol 281 0-50 +0-07 24 0-500 
CaCl, 260 0-44 +0-14 35 0-300 
Ethanol 213 0-12 +0-02 12 0-1720 
NH,Cl 273 0-005. +0-18 26 0-200 
Na,SO 52 0-77 + 0-26 13 75-300 
NaHCO, 0-70 +011 12 320-1000 
NaCl — 105 0-68 + 0-06 15 350-1000 
Urea 76 0-38 +0-10 14 200-1000 
Glycerol 85 0-10 +0-02 8 330-2170 


* y = volume (ml.) of 750ml. meal remaining in the stomach 20 min after ingestion; 
« = concentration of solute (m-osM); m = number of observations; y = a+ bx; a corresponds 
to the volume (ml.) of meal remaining at zero concentration of solute, that is the intercept 
of the regression line with the ordinate. 


So far the effects of solutes on gastric emptying can be described and 
explained in seven sections which may be more readily understood when 
they are considered in conjunction with Table 3 and Fig. 8. 

(1) Glucose, sorbitol, sulphates, salts of potassium, calcium and at high 
concentrations only, sodium, have about equal effects per osmole in slowing 
gastric emptying. They are postulated to reduce the volume of sensitive 
component of an osmoreceptor responding to the contents of the alimentary 
lumen beyond the pylorus. These solutes are thought to penetrate the 
selective membrane of the osmoreceptor slowly if at all. A signal from 
the osmoreceptor which slows gastric emptying is postulated to occur with 
test meals of pure water and to increase when the flux of water into the 
sensitive component is reduced by the osmotic action of solutes in the 
lumen. 3 

(2) Ammonium, bicarbonate and chloride are postulated to penetrate 
the osmoreceptor freely by diffusion and to have no effect on gastric 
emptying except the inhibition by the water in which they are dissolved. 
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However, when any one of these ions is paired with any ion listed under 1, 
it is restrained from penetrating by the demands of electrical neutrality 
and has an action per osmole equal to any solute listed under 1. There is 
evidence to suggest that bicarbonate may penetrate more freely than 
chloride (Hunt, 1956). 

(3) Ethanol and, at high concentrations, urea and glycerol, are postu- 
lated to penetrate the osmoreceptor more slowly than unrestrained chloride, 
bicarbonate or ammonium but more rapidly than the solutes listed under 1. 
As these non-electrolytes continue to have an action on the hypothetical 
- osmoreceptor for up to 20 min, their steady-state distribution across the 
' osmoreceptor membrane presumably sets up an osmotic gradient greater 
than that postulated for ammonium and bicarbonate, which reduces the 
flux of water into the receptor. 

(4) At low concentrations sodium, urea and glycerol are postulated to 
be subject to either facilitated diffusion or active transport into the osmo- 
receptor, thus favouring the flux of water into the receptor and reducing 
the inhibitory action of the receptor which is postulated to occur with 
pure water. 

(5) Solutions of glucose isosmotic with plasma are postulated to make the 
membrane of the osmoreceptor so permeable to sodium that it neither 
osmotically reduces the volume of the osmoreceptor at high concentrations — 
nor increases it at low concentrations as a result of its supposed facilitated 
migration into the receptor. 

(6) Strong acids and glucose are postulated to have different modes of 
action since hydrochloric acid and glucose have different effects on the 
response of the osmoreceptor to sodium chloride. Moreover, strong acids 
are about three times more effective per osmole than the next most power- 
ful solutes in slowing gastric emptying. These views are in harmony with 
those of Sircus (1958) on the control of gastric secretion. 

(7) The increased rate of emptying with low concentrations of witiens 
sulphate may possibly be the result of the presence of bicarbonate or 
chloride ion secreted from the pancreas. At higher concentrations of 
sulphate the effect of the chloride may be masked. 

In devising further studies of the supposed osmoreceptor the red cell, 
which has been studied as an osmometer by Ponder (1940), may provide 
a useful model. Many of the properties postulated for the osmoreceptor 
have been demonstrated for red cells: for example, facilitated migration 
of glycerol (LeFevre, 1948) and sodium (Davson & Reiner, 1942); increased 
permeability to sodium on exposure to hypertonic solutions (Davson & 
Reiner, 1942); penetration by ammonium (Jacobs & Parpart, 1938); 
slower penetration by sulphate than by chloride (Davson, 1959, from data 


of Luckner, 1948) and restraint of penetration of chloride and bicarbonate 
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by potassium, sodium or calcium (Ponder, 1953) are accepted. At high 
concentrations the red-cell membrane behaves as though it were imperme- 
able to glucose (Widdas, 1954). It is interesting that the very indirect 
approach via studies of gastric emptying can et to postulates so similar 
to the known facts about red cells. 


SUMMARY 


1. The influence on gastric emptying of several solutes in test meals was 
studied by plotting the volume of test meal remaining after a fixed interval 
against the osmolar concentration of the solute in the original meal. 

2. On an osmolar basis hydrochloric acid and sulphuric acid were about 
three times as potent as potassium chloride in slowing gastric emptying. 
..3.. Ammonium sulphate and calcium chloride were two to four times 
more potent than ammonium chloridé in slowing gastric emptying. 

4. At low concentrations the addition of sodium chloride and sodium 
sulphate to test meals increased the rate of gastric emptying. The osmolar 
concentration in the meal giving a maximal rate of emptying was less 
for sodium sulphate than for sodium chloride. At high concentrations 
sodium sulphate and sodium chloride were about equally potent i in slowing 
gastric emptying. 

5. Increasing the concentration of glucose in test meals sahaising 
sodium chloride progressively reduced the action of sodium chloride on 
gastric emptying. At concentrations of glucose nearly isosmotic with 
plasma sodium chloride lost all its influence on gastric emptying. In 
contradistinction, solutions of sodium chloride isosmotic with plasma did 
not abolish the inhibitory action of glucose on gastric emptying. 

6. In the presence of 40 m-osm hydrochloric acid low concentrations of 
sodium chloride increased the rate of gastric emptying as they did in the 
presence of equipotent concentrations of dextrose. A complex relationship 
between concentration of sodium chloride and the rate of gastric emptying 
in the presence of acid was defined. 

7. Urea and glycerol in test meals hastened gastric emptying at low 
concentrations but slowed it-at high concentrations. Ethanol slowed gastric 
emptying as the concentration was increased. - 

8. The findings are explained on the assumption that there is an osmo- 
receptor mechanism in the intestine which inhibits gastric emptying. The 
majority of solutes are assumed not to penetrate the receptor, but sodium, 
urea and glycerol are thought to be subject to facilitated transport across 
the osmotic membrane at low concentrations and urea and glycerol to 
slow diffusion at high concentrations. Solutions of glucose isosmotic with 
plasma are thought to make the supposed osmoreceptor permeable 
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to sodium. The action of acids is thought to depend upon a separate 
mechanism. | 


We are greatly indebted to the students who acted as subjects in this work, without whose 
unfailing co-operation it would have been impossible. It is a pleasure to acknowledge help 
received in discussion with Drs H. Davson and W. F. Widdas. We are very grateful to 
Professor W. R. Spurrell for much improving the manuscript. 
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THE SITE OF RECEPTORS SLOWING GASTRIC EMPTYING 
IN RESPONSE TO STARCH IN TEST MEALS 


By J. N. HUNT | 
Department of Physiology, Guy’s Hospital Medical School, London, S.E. 1 


(Received 25 March 1960) 


There is a body of evidence consistent with the view that the osmotic 
pressure of the gastric content is important in determining its rate of 
emptying into the duodenum (Carnot & Chassevant, 1905; Apperly, 1926; 
McSwiney & Spurrell, 1933; Gershon-Cohen, Shay & Fels, 1938; Hunt, 
Macdonald & Spurrell, 1951; Hunt, 1956; Hunt & Pathak, 1960). The 
receptor mechanism involved in this regulation of gastric emptying might 
respond to the osmotic pressure of the gastric content. as it lay in the 
stomach, or it could work equally well if it detected the osmotic pressure 
of what was recently gastric content but actually occupied the lumen of the 
duodenum or small intestine. The duodenal and intestinal receptors can 
operate in the osmotic regulation of gastric emptying because it is slowed 
by instilling solutions hyperosmotic to plasma into the duodenum (Shay, 
Gershon-Cohen, Fels & Siplet, 1942). 

If the osmotic pressure of the gastric contents acting on gastric receptors 
were to slow gastric emptying, it would be expected that test meals con- 
taining starch, with very low osmotic pressure, would leave the stomach 
quickly, whereas test meals containing an equal amount of carbohydrate 
as glucose would stimulate the osmoreceptors and the stomach would 
empty slowly. Alternatively, if the osmoreceptors were in the duodenum 
distal to the site of hydrolysis of starch, meals containing either starch or 
glucose would be expected to empty from the stomach at equal rates. 
This paper contains an account of some 5 es designed to decide 
between these alternatives. 


METHODS 


Test meals were given to healthy volunteer medical students of both sexes who came to 
the laboratory in the morning fasting. The stomach having been washed out with 250 ml. 
of tap water, test meals at 37°C were instilled down a tube into the stomach. After varying 
periods of time the gastric contents were recovered and the stomach was washed out with 
250 ml. of tap water. Each test meal contained in addition to the carbohydrate as the 
experimental variable about 60 mg phenol red/l.: this is known not to be absorbed from the 
stomach and to have no significant effect on gastric emptying (Hunt, 1956). This phenol 
red served as a marker so that the volume of the original test meal recovered from the 
stomach could be calculated from the total amount of phenol red recovered by dividing it 
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by the concentration of phenol red in the original test meal. The amounts of acid and 
chloride secreted in response to the meals were also calculated by methods which have been 
described (Hunt, 1951; Hunt & Spurrell, 1951). 

Each subject was given one test meal for practice before the main series was begun. All 
the test meals were of 750 ml. except those given to subject LO which were 500 ml., as she 
weighed only 46 kg. The meals were given on successive days, keeping the period of experi- 
mentation as short as possible to minimize the effect of any tendency to changes in gastric 
emptying with time. Meals containing glucose were prepared from dextrose monohydrate B.P. 
Analar soluble starch was weighed out after determining the water content as loss of weight 
after 1 hr at 105° C. The meals were made up immediately before the experiments by mixing 
the starch with cold water and pouring the suspension into boiling water, bringing it to the 
boil and then cooling it by adding ice cubes. It was then made up to volume with distilled 
water and the stock solution of phenol red. This procedure was necessary because it was not 
possible to instil the starch solution down a tube once it had been allowed to cool slowly and 
form a gel. The calorific value of starch was taken as 4+2/g and that of glucose as 3-8/g. 


‘RESULTS 
~~ Comparison of the gastric responses to test meals containing 
isocaloric amounts of starch or glucose 


Three women and six men were given a total of 78 test meals. The 


volumes of the original test meals recovered at intervals after their inges- 


tion are shown in Fig. 1 for four subjects, the data being chosen to show the 
full diversity of responses obtained. The ordinate, showing the volume of 
original meal remaining in the stomach, is plotted on a logarithmic scale. 
This allows straight lines to be fitted to the data excluding those for the 
volume of meal ingested, since the rate of emptying of the meal excluding 
the first few minutes is a constant fraction of the volume of the meal 
remaining in the stomach (Marbaix, 1898; de Salamanca, 1943; Hunt & 
Spurrell, 1951). The concentration of carbohydrate in the test meals was 
36 g¢ glucose/l., isocaloric with 33g dry starch/l. for subjects, LO, DI, 
PN, GE, JEN and 45 g glucose and 41 g dry starch/1. for CE, HE and JON. 
From the lines fitted as shown in Fig. 1 the time required for the volume 
of the meal remaining in the stomach to fall by half, the ‘half-life’, can 
be calculated. The half-lives of the test meals of pure water and these 
containing either starch or glucose are given in Table 1. It may be seen 
that in six subjects out of nine the half-life of the test meal of water was 


only about 50% of the value for test meals containing carbohydrate. 


Nevertheless, the mean difference between the half-lives for the meals 
containing starch and those containing dextrose was only 3-6 min, 
S.E.+2-6 (P= 0-2), so that by this criterion starch and glucose were 
equally effective in slowing gastric emptying. 

Table l‘also shows that the volume of the test meal containing starch 
remaining in the stomach 20 min after its instillation was less (P = 0-01) 
than the volume of the test meal containing glucose remaining at this time. 
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Fig. 1. Gastric emptying of test meals of water (x), and of solutions of starch 
(O) or glucose (@). Ordinate, log. scale. 


Tas 1. The influence of isocaloric concentrations of glucose 0 or 
starch in test meals on gastric emptying 


Half-life (min) 
Glucose, Starch, 

Subject A B Water A-B 
LO f 20-8 20-4 10°6 + 0-4 
DI m 34-2 24-0 + 10-2 
PN m 8-9 7-6 3-5: 
GE f 28-3 37°5 7:5 —9-2 
PRm 30-0 17-1 57 +12-9 
JEN f 34:1 32-2 31:5 +1-9 
CE m 27-0 50-8 —4°5 
HE m 65-2 58-7 53-5 + 6°5 
JON m 50-0 13-2 + 12-5 
_ Mean 3°6 

+ 2-6 


Volume of meal re 


at 20 min (ml.) 


Glucose, Starch, 
D 


C C—D 
258 232 26 
412 398. 14 
271 225 46 
476 407 69 
347 288 59 
411 431 — 20 
445 404 41 
658 547 lil 
555 417 138 

54 
8.E. + 16 


f, female; m, male. O and D were calculated from regression equations. 
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It seems likely that there was an initial phase of gastric emptying, during 
which test meals containing starch left the stomach more quickly than 
test meals containing glucose, but subsequently the rates of emptying for 
the two types of meal were similar. The data of Fig. 1 were chosen to show 
the diversity of the responses and there happens to be only one clear 
example of the more rapid initial emptying of the meal of starch. 

Under the conditions of these experiments, in which the meal was 
instilled into the stomach and the subjects did not swallow their saliva, 
there was very little hydrolysis of starch in the stomach. The depression 
of freezing point of the original meals containing starch was 0-01° C. 
After 30 min gastric digestion the depressions of freezing point of three | 


but the ions of gastric secretion accounted for 0-04, 0-08 and 0-09° C 
respectively. Thus, as judged from the depression of freezing point, the 
concentration of glucose in the gastric contents 30 min after taking the 
test meals of starch solution was very small. A meal containing such a 
concentration of glucose without starch would empty at the same rate as 
pure water. 

It is known that the greater the acidity of the gastric contents the 
slower is the rate of gastric emptying (Pathak, 1959). The question there- 
fore arises as to whether the approximate equality of rates of emptying of 
the meals containing starch or glucose results partly from a greater acidity 
of the gastric contents with the test meal containing starch. There was in 
fact a slightly greater secretion of acid with the test meal containing starch 
than with the test meal containing glucose, 1:18 m-equiv Ht/30 min, 
s.E.+ 0:40, P = 0-02. However, in many instances the acidity of the gastric 
contents did not reach 5 m-equiv/l. whilst the threshold concentration 
for the effect of acid on gastric emptying is not less than 10 m-equiv/I. 
(Hunt, 1956; Pathak, 1959). : 


DISCUSSION 


The hypothesis that gastric emptying is dependent upon the osmotic 
pressure of the gastric contents has emerged from the cited experiments 
with test meals containing a wide variety of electrolytes and non- 
electrolytes. However, in the experiments described above it was found 
that test meals containing starch, with a very low osmotic pressure, and 
those containing an equal amount of carbohydrate as glucose, with an 
osmotic pressure many times greater, had equal half-lives. As in most 
instances test meals of water left the stomach more quickly than the meals 
with carbohydrate it is clear that the starch and the glucose were both 
slowing gastric emptying. The equality of the rates of emptying cannot be 
ascribed to the greater viscosity of the meals containing starch, since 
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differences of viscosity of the order of that existing between the meals 
containing glucose and those containing starch have been found not to 
influence gastric emptying significantly (Hunt, 1954). The simplest way 
of harmonizing these observations with the hypothesis of osmotic control 
of gastric emptying is to suppose that the starch in the test meal was 
hydrolysed before it was presented to the receptors which responded to 
the osmotic pressure. Since in the present experiments, in contrast to 
those of Beazell (1941) under more normal conditions, there was very 
little hydrolysis of starch in the stomach, the results make it probable that 
the receptors responding to starch lie at or beyond the pylorus. This 
conclusion is in agreement with that of Shay et al. (1942), who found that 
the slowing of emptying was produced by instilling solutions hyperosmotic 
to plasma into the duodenum. Although the slowing of emptying due to 
starch seems to depend upon receptors at or beyond the pylorus, there is 
nothing in the present experiments to exclude the possibility of there being 
receptors in the gastric mucosa which respond to glucose. 

The finding of a response by the supposed osmoreceptors to solutions of 
starch allows the receptor to function when carbohydrate is eaten as 
starch, rather than as sugar. That the volume of the meal remaining 
in the stomach at 20 min was greater with glucose than with starch 
is explained by supposing that the meal containing starch initially 
left the stomach more quickly than the meal containing glucose. This is 
consistent with the idea that the slowing of gastric emptying depended 
upon the hydrolysis of the starch in the meal and that until this had 

occurred the emptying of the meal with starch was more rapid than that of 
_ the meal containing glucose. 

It is interesting to consider what part these receptors may play in the 
regulation of other activities besides gastric emptying. It has been found 
that in rats when solutions of high osmotic pressure are given intra- 
gastrically the intake of food is subsequently reduced (Schwartzbaum & 
Ward, 1958). Furthermore, substances which on an osmolar basis slow 
gastric emptying equally in man, glucose and sorbitol (Hunt, 1956), are 
equally effective when instilled into the stomach in suppressing the 
appetitive behaviour of rats. On the other hand under the same conditions 
glucose is more effective than glycerol, both in slowing gastric emptying 
(Hunt & Pathak, 1960) and in suppressing appetitive behaviour (Smith & 
Duffy, 1955). It is not clear whether these effects are mediated directly 
from the osmoreceptors or whether they depend upon the increased 
volume of the gastric contents which results from the slowing of gastric 
emptying. 

In spite of the equal half-lives of meals containing either starch or 
glucose, the amount of acid secreted was less after the meal containing 
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glucose. Possibly this may depend upon a slightly earlier onset of in- 
hibition via the duodenum with the meal containing glucose. 


SUMMARY 


1. Test meals containing isocaloric amounts of carbohydrate as glucose 
or as starch were given to six men and three women. | 

2. Test meals of water emptied more rapidly than the meals containing 
carbohydrate, with the implication that the starch and glucose both 
excited receptors which slowed gastric emptying. 

3. The half-lives, excluding the first few minutes, of the meals con- 
taining either starch or glucose were similar. Twenty minutes after in- 
stillation the intragastric volume of the meal containing starch was less 
than that for the meal containing glucose. Taken together these two 
findings suggest that initially the meal containing starch left the stomach 
more rapidly than the meal containing glucose but subsequently the rates 
were equal. 

4. There was a significantly larger secretion of acid with the test meal 
containing starch compared with the one containing glucose. The con- 
centrations of acid in the gastric contents were too low to influence gastric 
emptying. 

5. These findings were taken to be consistent with the hypothesis that 
the slowing of gastric emptying with test meals containing starch was the 
result of stimulation of osmoreceptors beyond the site of hydrolysis of the 
starch. As the starch in the main part of the gastric contents was un- 
hydrolysed the receptors presumably lay at or beyond the pylorus. 


I am very grateful for the co-operation of the students who took part in these experiments. 
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INCREASE IN NORADRENALINE CONTENT OF TISSUES 
AFTER INFUSION OF NORADRENALINE, DOPAMINE 
AND L-DOPA 


By JOCELYN N. PENNEFATHER* anp M. J. RAND} 
From the Department of Pharmacology, University of Sydney, 


NS.W., Australia 


(Received 21 April 1960) 


The responses to tyramine and to sympathetic stimulation are reduced 
or abolished when the noradrenaline content of the tissues has been 
depleted by reserpine treatment (Carlsson, Rosengren, Bertler & Nilsson, 
1957). They are restored after an infusion of noradrenaline (Burn & Rand, 
1958, 1960a), or infusion of precursors of noradrenaline, such as dop- 
amine (f-3: 4-dihydroxyphenylethylamine) and t-DOPA (Burn & Rand, 
19606). These observations led to the suggestions that it is the store of 
noradrenaline in a tissue which is necessary for the response to tyramine 
and that the size of the store determines the magnitude of the response to 
sympathetic stimulation. Our purpose in the present paper has been to de- 
termine the effect of infusions of noradrenaline, dopamine and L-DOPA in 
increasing the store of noradrenaline in organs of normal and reserpine-— 
treated cats. 

METHODS 

Spinal cats (2-5-3-5 kg) were prepared by Dale’s method as described by Burn (1952). 
Evisceration was performed by dividing the following structures between ligatures: rectum, 
inferior and superior mesenteric arteries, coeliac axis, oesophagus, portal vein and bile duct. 
Blood pressure was recorded from one carotid artery and a 1 mm polythene tube was placed 
in the other carotid artery to withdraw blood samples. The right kidney was dissected free 
from fat and removed after ligating the vessels at the hilum. In female cats one horn of the 
uterus was tied close to the fundus and the horn was removed after ligating the ovarian 
artery and vein. A sample of 5-6 ml. of blood was withdrawn into a polythene centrifuge 
tube containing 100 u. heparin. Noradrenaline (1 mg), dopamine (25mg) or t-DOPA 
(25 mg) was infused into a small vein in the foreleg from a continuous slow-injection syringe 
(C. F. Palmer Ltd.). Each drug was given in 14-3 ml. of 0-9 % NaCl adjusted to pH 4-5 and 
was infused during 40 min. The infusion apparatus was then disconnected and after a 
further 20 min had elapsed the left kidney and the other uterine horn were removed and a 
second blood sample was taken. At this time the blood pressure had fallen from the level 
attained at the end of the infusion and had remained at a low steady value for 10-15 min. 

The blood samples were centrifuged for 10 min at 6000 rev/min immediately after collec- 
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tion and the decanted plasma stored at —10° C until required for assay. The capsule was 
removed from the kidney and the uterus freed from connective tissue, These organs were 
dried between filter papers, weighed, and stored in the deep freeze. The total time which 
elapsed between removal of the organs and placing them in the deep freeze was 10 min. To 
determine the noradrenaline content of tissues they were extracted in 5 ml. of saline/g by 
the method described by Burn & Rand (1959) and assayed on the blood pressure of the 
pithed rat, recorded by inserting into the carotid artery a polythene tube connected to a 
strain-gauge pressure transducer (Statham Laboratories type P23 Db). The output from the 
transducer bridge circuit was fed into a DC amplifier connected to an ink-writing recorder. 

Cats were treated with reserpine by intraperitoneal injection of 3-4 mg of reserpine 
dissolved in 20% ascorbic acid on each of two days and were used for experiment on the 
third day. 

Observations were made on the response of the cat’s uterus to hypogastric nerve saigrcml 
tion as described by Burn & Rand (19605). 


RESULTS 
Assay of noradrenaline 


Previous experience with the assay of organ extracts for noradrenaline 
on the blood pressure of the pithed rat has been virtually without compli- 
cations arising from the presence of interfering pressor substances other 


04 20ng 04 20ng 

NAd LK1 4 LK 6 NAG LK8 NAd 
Fig. 1. Rat blood pressure recorded with a transducer manometer. LK 1-8, effect 
of successive injections of a left kidney extract, showing tachyphylaxis. LK 1, 
first injection (0-2 ml., i.e. =40 mg) produced a pressor response greatly exceeding 
in amplitude and duration that due to 20 ng noradrenaline (NAd). The 8th injec- 
tion (LK 8, 0-4 ml.) produced a response virtually indistinguishable in form from 
that due to 20 ng noradrenaline. Pressure calibrations in mm Hg. 


than noradrenaline. This was not the case when we injected extracts of 


kidney. The first injection of kidney extract into a pithed rat resulted in a 


large and prolonged rise of blood pressure. With subsequent injections of 
the kidney extract this slow pressor response became less and less marked 
and when the 4th-8th injections were given the blood pressure response 
was indistinguishable in form from that to an ‘equi-pressor’ dose of 
noradrenaline. Thus in Fig. 1 the first injection of 0-2 ml. of kidney extract 
(equivalent to 40 mg of kidney) produced a larger and longer-lasting 
response than 20 ng noradrenaline. However, the response to the 8th 
injection of the same extract (0-4 ml., equivalent to 80 mg of kidney) 
showed a complete tachyphylaxis to the slow pressor component and was 
now virtually indistinguishable from the response to 20 ng noradrenaline. 
After desensitizing the rat to the slow pressor component of the kidney 


extract we have regularly observed in these experiments a larger response 
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to noradrenaline. Our mean value for the noradrenaline content of normal 
cat’s kidney was 196 ng/g (16 experiments, range 125-325 ng/g), which is 
very close to the figures published by von Euler (1956) who found a mean 
of 210 ng/g (4 experiments, range 110-320 ng/g). No difficulties were 
experienced in the assay of the noradrenaline content of plasma or of 
uterine extracts. 


Increase in noradrenaline content after infusing noradrenaline 


All the experiments with infusions of noradrenaline were carried out on 
eviscerated cats. In two preliminary experiments it was found that the 
noradrenaline content of a kidney removed immediately after preparing 
the cat was the same as the content in the second kidney removed 75 min 
later. 


100 


B.P. 
(mm Hg) 


10n 0: 20 n 
Fig. 2. Rat blood pressure. Uptake of noradrenaline by kidney from infusion of 
1 mg noradrenaline. RK, response to 0-2 ml. of an extract of the right kidney 
(removed from the cat before infusion), equal to.10ng noradrenaline (NAd). 
LK, 0-1 ml. of a similarly prepared extract of the left kidney, removed from the | 
cat 20 min after the infusion. 


The estimation of the pressor activity of extracts of kidneys taken from 
the same cat before and after the infusion of noradrenaline is illustrated in 
Fig. 2. In this experiment 0-1 ml. of the kidney extract made after the 
infusion had twice the potency of 0-2 ml. of control kidney extract; this 
represents a fourfold increase in content of noradrenaline. 

The noradrenaline contents of the kidneys, uterine horns and blood 
plasma before and after the infusion of 1 mg of noradrenaline into both 
reserpinized and untreated cats are given in Table 1. In one untreated cat 
there was no increase in the noradrenaline content of the uterus and in 
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another neither the kidney nor the uterus took up noradrenaline from the 
infusion; it is interesting to note that the initial noradrenaline contents of 
these organs were the highest that were observed in this series of experi- 
ments. Uptake of noradrenaline was observed in every kidney and uterus 
of reserpine-treated cats. However, the mean figures for the content of 
noradrenaline in kidney and uterus after the infusion were lower in 
reserpine-treated than in normal cats. This observation suggests that 
reserpine treatment may inactivate part of the binding mechanism for 
noradrenaline. 


TaBie 1. Noradrenaline content of kidney, uterus (ng/g) and plasma (ng/ml.) 
_ before and after infusing 1 mg noradrenaline 


Kidney Dterus Plasma 


Before After Increase ‘Before After Increase ‘Before After Increase 


A. Untreated, eviscerated cats 


188 250 62 — — — — — _ 
250 500 250 1250 1250 0 — — — 
162 325 163 500 1000 500 — — _— 
125 312 187 325 450 125 25 38 13 
250 1000 750 625 1000 375 25 68 43 
275 275 0 750 750 0 30 45 15 
Means 
208 444 235 690 890 200 ‘27 50 23 
B. Reserpine-treated, eviscerated cats 
63 175 112 50 188 138 33 33 0 
75 200 125 38 188 150 25 38 13 
250 750 500 188 253 65 75 75 0 
150 250 100 100 188 ' 88 38 100 62 
Means 
185 345 210 94 204 110 43 57 14 


The plasma pressor activity 20 min after the end of the infusion was 
raised in both normal and reserpine-treated cats. However, this increase 
in plasma noradrenaline could only contribute a very small part of the 
increases seen in the kidney and uterus. 


The noradrenaline content of the uterus and the kidney was clearly increased after 
infusing 1 mg noradrenaline into cats. Raab & Gigee (1955, 1958) found that after the 
intraperitoneal injection of noradrenaline 10 mg/kg into dogs there was a mean increase of 
noradrenaline of 1-4 ug/g heart muscle and that the total catecholamine content of blood 
vessels (measured colorimetrically) was increased. However, von Euler (1956) stated that 
he could not significantly alter the catecholamine content of heart, spleen, liver, kidney 
or skeletal muscle of the cat by an intravenous infusion of 0-5 mg noradrenaline or by 
1-2 mg/kg intraperitoneally. He considered that the results of Raab & Gigee were due to 
the use of massive doses (10 mg/kg intraperitoneally). The doses of noradrenaline used ’by 
us (7-1-10 ug/kg/min) were similar to von Euler’s yg/kg/min). 

The estimation of plasma pressor activity in terms of noradrenaline in the pithed rat gave 
values which are higher than those generally accepted. However, it can be noted that 
Brown & Gillespie (1957) and Brown, Davies & Gillespie (1958), who used a similar procedure 
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for estimating plasma noradrenaline, published figures which are in accord with our results. 
Plasma from reserpine-treated cats had a higher pressor activity (in terms of noradrenaline). 
Muscholl & Vogt (1957) found an increase in the adrenaline level of plasma of rabbits after 
treating them with reserpine. 


Infusion of dopamine 

.. The results of infusing 25 mg dopamine into reserpinized and untreated 
eviscerated cats are given in Table 2. The extracts of the organs taken after 

the infusion gave an increased pressor activity on the pithed rat in only 

1 out of 5 experiments with the normal kidney and in 3 out of 5 experi- 

ments with the normal uterus after the infusion of dopamine. Reserpine- 


Taste 2. Noradrenaline equivalent of kidney, uterus (ng/g) and plasma (ng/ml.) 
before and after infusing 25 mg dopamine 


Kidney | : Uterus Plasma 


Before After Increase “Before After Increase Before After Increase 


A. Normal, eviscerated cats 


200 200 0 250 250 0 25 40 . 15 
188 188 0 188 250 62 38 38 0 
125 125 0 375. 375 0 25 59 24 
300 625 325 1200 1300 100 25 90 65 
188 188 0 200 262 62 25 75 50 
Means | 
200 265 65 443 487 44 28 60 31 
B. Reserpine-treated, eviscerated cats 
100 150 50 ee Ae 50 38° 38 0 
175 438 263 50 38 —12 
150 250 100 . 100 188 88 38 100 62 
112 112 0 . 188 313. 125 18 58 40 
75 125 50 38 63 a 13 38 * 25 
Means 
122 215 93 82 154 72 31 : 54 23 


treated cats more regularly showed an increase in noradrenaline content; 
uptake was observed in the kidney in 4 out of 5 experiments, and in the 
uterus in 4 of 4 experiments. | 

With our methods it was not possible to say directly whether the pressor 
activity on the pithed rat of the extracts made from the kidney and uterus 
after dopamine infusion was due to unchanged dopamine or to nor- 
adrenaline, which has served as the assay standard. In our hands dopamine 
has 1/200th of the pressor action of noradrenaline in the, pithed rat 
(cf. 1/150, Vogt, 1959; 1/80, Muscholl, 1959). We observed a mean increase 
of 93 ng/g in the noradrenaline equivalent of reserpine-treated kidneys 
following dopamine infusion. If all the increased pressor activity were due 
to unchanged dopamine this would represent an uptake of 18-6 yg 
dopamine/g tissue. The most likely possibility is that part of the increase 
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in the pressor activity of the tissue extract was attributable to noradrenaline 
and part to unchanged dopamine. 


Restoration of hypogastric nerve effect in reserpine-treated cats 
Burn & Rand (19605) have shown that an infusion of noradrenaline 
enhances the inhibitory response of the uterus to stimulation of the f, 


Fig. 3. In situ record of uterine movements in a reserpine-treated cat. Upper and 
lower records are from two separate experiments. The horizontal lines indieate 
stimulation for 2 min of the hypogastric nerve with square waves of 1 msec duration 
and 25 V amplitude at 20/sec. The inhibitory response to sympathetic nerve 
stimulation was restored by an infusion of 1 mg noradrenaline between (a) and (bd), 
and of 25 mg dopamine between (c) and (d). : 


hypogastric nerve. Similarly an infusion of dopamine into a reserpine- 
treated cat restored the uterine response to hypogastric nerve stimulation 
(Fig. 3d). It is difficult to assess the relative efficacy of 1 mg noradrenaline 
and 25 mg dopamine in restoring the uterine response in reserpine-treated 
cats, since this response depends on the pattern of uterine activity. The 
upper portion of Fig. 3 shows a uterus with a rapid rhythm and a high tone. 
At first, stimulation had no effect, but 30 min after 1 mg noradrenaline 
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had been infused hypogastric nerve stimulation produced a decrease in 
tone (b). The lower records show another experiment in which the uterus 
had a slow rhythm of large amplitude which was not affected by nerve 
stimulation at first, but after infusion of 25 mg dopamine hypogastric 
stimulation resulted in an inhibition of rhythm (d). 


Infusion of u-DOPA 
Four experiments were carried out in which 25 mg of t-DOPA was 
infused during 40 min into eviscerated cats, two of which were untreated 
and two reserpine-treated. In no experiment was there any increase in the 


_ Tasie 3. Noradrenaline content of kidney, uterus (ng/g) and plasma (ng/ml.) 
before and after infusing 25 mg t-DOPA 


Kidney Uterus Plasma 


Before After Increase Before After Before After 


A. Normal, uneviscerated cats ; 
325 325 0 500 500 0 25 75 50 


188 376 188 415 415 0 5 18 13 
125 125 0 250 375 125 10 10 0 
Means 63 42 21 
B. Reserpine-treated, uneviscerated cats 
125 188 63 63 125 62 30 40 10 
175 225 50 50 92 42 13 13 0 
88 63 — 25 31 31 0 — — 


Means. 29 35 5 


extractable pressor activity of kidney or uterus although the plasma 
activity was slightly increased. Six further experiments with L-DOPA 
were carried out on cats which were not eviscerated (3 untreated, 
3 reserpine-treated). Uptake of noradrenaline was demonstrable in 4 cats 
(Table 3). 


The spleens were removed from intact cats at the end of the experiment after infusing 
L-DOPA, and assayed for noradrenaline. The noradrenaline content of spleens after infusing 
L-DOPA, and noradrenaline content of spleens taken from cats at evisceration are given 
below: 


Normal cat 1-0 pg/g 
Normal cats after infusing 25 mg t-DOPA 0-875, 1-0 ug/g 
Reserpine-treated cat 0-063 


Reserpine-treated cats after infusing 25 mg L-DOPA 0-375, 0-027, 0-213 ug/g 


The values for the noradrenaline content of spleens from normal and reserpine-treated cats 
are in accord with those obtained elsewhere using identical methods (Burn & Rand, 1959). 
The infusion of t-DOPA did not increase the noradrenaline content of spleen from normal 
cats, but in 2 out of the 3 reserpine-treated cats the noradrenaline content was increased, 
by the infusion of t-DOPA, to 178 and 312 % of the mean value for reserpine-treated spleens. 
Von Euler & Uddén (1951) reported that the infusion of 5-2 mg of -DOPA to 32mg pDL-DOPA 
19 PHYSIO. CLIV 
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approximately doubled the noradrenaline content of the spleen, heart and liver. In their 
experiments the organs were removed immediately at the end of the infusion, whereas 
in ours 20 min elapsed. | 3 | 

It was apparent from these results that the presence of the abdominal 
viscera was necessary if the infusion of L-DOPA was to lead to an increase 
in the noradrenaline content of the tissues. We have examined this in the 
following way. Burn & Rand (19606) showed that in reserpine-treated rats, 
in which the response to tyramine was small, an infusion of L-DOPA led 
to an increase in the response to tyramine. If the restored response to 
tyramine were due to a restoration of the noradrenaline content of the 
tissue, there should be a difference in the effect of an infusion of L-DOPA 
on the subsequent response to tyramine in non-eviscerated and eviscerated 
reserpine-treated cats. Two experiments were carried out to investigate 
this point. In both uneviscerated and eviscerated cats the infusion of 
noradrenaline led to an enhancement of the response to tyramine. In 
an uneviscerated cat there was a slight, but quite definite, increase in the 
response to tyramine after the infusion of L-DOPA, and this enhanced 
response was still seen for the third injection of tyramine after the infusion. 
On the other hand, in an eviscerated cat the infusion of L-DOPA brought 
about only a barely perceptible increase in the response to tyramine and the 
second injection of tyramine was again without action. 

The infusion of t-DOPA at the rate of 25 mg in 40 min increased the 
blood pressure of the reserpine-treated uneviscerated cats. In four 
experiments the maximum blood pressure rises were 84, 80, 24 and 20mm 
Hg. In reserpine-treated, eviscerated cats and in untreated cats L-DOPA 
had no pressor action. Clark (1959) states that complete evisceration 
usually decreases the response to L-DOPA, but not always. 


DISCUSSION 


The mean uptake of noradrenaline from an infusion of 1 mg was approxi- 
mately 0-2 yg/g of tissue. In our experiments the cats were made spinal 
and eviscerated, and one kidney was removed before the infusion. The 
mean weight of the remaining kidney and uterus was 10 g, which would 
account for 2 ug of the noradrenaline infused. If one allows a weight of 
20 g for the remaining sympathetically innervated structures (heart, lungs, 
blood vessels, etc:), and the same uptake per gram of tissue, we can still 
only account for 6 wg noradrenaline, or 0-6% of the quantity infused. 
Axelrod, Weil-Malherbe & Tomchick (1959) have studied the location of 
*H-labelled adrenaline in tissues, following its infusion into the cat. From 
their data it is apparent that the sympathetically innervated tissues store 
only a small percentage of the total amount of adrenaline infused, although 
in whole mice about 30% of unchanged adrenaline was still present in the 
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body 20 min after an intravenous injection. Goodall, Kirshner & Rosen 
(1959) found that in man radioactivity corresponding to 11% of “C- 
labelled noradrenaline appeared in the urine in the first hour after an 
infusion and 67% was recovered in 24 hr. They suggest that tissue cells 
pick up noradrenaline, store it as a complex and gradually release it for 
metabolism, a conclusion also reached by Axelrod et al. (1959). There are 
at least two possibilities to reconcile this suggestion with the low percentage 
of infused noradrenaline which we found in tissues. First, that inactive 
metabolites may also be bound in tissues, as Axelrod et al. found for 
3-O-methyladrenaline, and secondly, that the complex of noradrenaline in 
the tissue stores may not be readily split to yield biologically active 
noradrenaline by the mild extraction procedures we used. 

The infusion of dopamine into the cats used in these experiments 
produced approximately the same response on the blood pressure as the 
infusion of noradrenaline at 1/25th of the dose. Burn & Rand (19606) have 
shown in reserpine-treated cats that dopamine infusion will restore the 
pressor response to tyramine and the dilatation ofthe pupil. From examina- 
tion of their figures (Figs. 2 and 6 in Burn & Rand, 19605) it appears that 
the restoration produced by dopamine is roughly equivalent to that pro- 
duced by 1/20th of the dose of noradrenaline. 

Burn & Rand (19606) showed that L-DOPA infusion restored responses to 
sympathetic nerve stimulation and to tyramine when these were ineffective 
after reserpine treatment, and that the restoration was longer lasting than 
that following a noradrenaline infusion. We found that an infusion of 
L-DOPA produced a relatively small increase in the noradrenaline content 
of the tissues, which could serve to restore the response of the tissue, but if in 
addition the infusion provided a reserve of the precursors of noradrenaline 
in the tissues available for further synthesis, we can understand why the 
restoration was longer-lasting than that produced by a noradrenaline 
infusion. 

The infusion of L-DOPA increased the content of noradrenaline in tissues 
(kidney, uterus, spleen) in 2 out of 8 experiments in intact normal cats and 
in 6 out of 8 experiments in intact reserpine-treated cats. The smaller 
uptake observed in noradrenaline content in normal cats may be the 
result of suppression of synthesis; when the noradrenaline content of the 
tissue is reduced by reserpine treatment, synthesis may proceed more 
readily. The smaller increase in noradrenaline content of normal cat’s 
tissue compared with reserpine-treated cats following dopamine infusion 
can be understood in the same way. 

Our results indicate that the abdominal viscera must be intact if the in- 
fusion of L-DOPA is to produce a deposition of tissue stores of noradrenal- 


, ine. Holtz (1959) states that high concentrations of DOPA decarboxylase 
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are found. in kidney, liver, pancreas and intestine. In our evisceration 
experiments the pancreas and intestines were removed, and the liver was 
deprived of both its portal and hepatic blood supply. The kidney which 
remained in the circulation during the infusion was apparently not a 
sufficiently active source of DOPA decarboxylase to lead to an increase in 
the noradrenaline content of tissue, nor indeed to convert enough DOPA 
into a pressor metabolite. | 
SUMMARY 


1. The infusion of 1 mg of noradrenaline into reserpine-treated or 
untreated eviscerated cats led to an increase in the noradrenaline content 
of the kidney and uterus. | : 

2. The infusion of 25 mg of dopamine into cats increased the pressor 


activity of extracts of kidney and uterus on the blood pressure of pithed 
rats. 

3. The lack of response of the uterus of the reserpine-treated cat to 
hypogastric nerve stimulation was corrected by infusion of dopamine. 

4. The infusion of 25mg of ~t-DOPA increased the noradrenaline- 
equivalent of kidney, uterus and spleen of reserpine-treated cats when they 
were not eviscerated. t-DOPA was pressor in these cats and enhanced 
the impaired pressor response to tyramine. In eviscerated cats L-DOPA 
did not increase the noradrenaline equivalent of tissues, was not pressor, 
and did not enhance the response to tyramine. 


We wish to thank Professor R. H. Thorp for providing the facilities and Professor J. H. 
Burn for his encouraging and enthusiastic suggestions which led us into this work. Dopa- 
mine and tyramine were a gift from Dr I. M. Slater of Eli Lilly, Indianapolis; L-DOPA was 
supplied by Sigma, noradrenaline by Hoechst and reserpine by Ciba. 
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SURPLUS EXCITATION IN REFLEX ACTION OF MOTO- 
NEURONES AS MEASURED BY RECURRENT INHIBITION 


By R. GRANIT anv L. T. RUTLEDGE* 


From the Nobel Institute for Neurophysiology, Karolinska 
Institutet, Stockholm 60, Sweden . 


(Received 2 May 1960) 


The antidromic or recurrent inhibition (Renshaw, 1941, 1946) of ventral 
horn cells was studied in decerebrate cats by Granit, Pascoe & Steg (1957) 
with tonic discharges to stretch from functionally isolated ventral root 
filaments belonging to knee extensors. The antidromic shock was applied 
_ to a portion of the same root. When triggering the antidromic shock from 
the discharging spike they found that the frequency of the firing cell often 
decreased to zero or to a very low value in a cumulative fashion (as here 
in Fig. 1). Quite often, however, the recurrent inhibition immediately 
reduced the frequency of discharge to a constant vdlue and thus was non- 
cumulative. These two modes of behaviour of recurrent inhibition are 
strikingly different, and failure to understand why sometimes one, some- 
times the other effect of recurrent inhibition occurred inspired us to 
undertake the experiments reported below. 

It soon became evident that it was necessary to approach this problem 
—so essential for the understanding of both recurrent inhibition and the 
control of discharge frequency of motoneurones—by setting out from a 
hypothesis with assumptions rigid enough to make it possible to test them 
experimentally. These assumptions are formulated in the first section of 
Results. With their aid it has proved possible to develop a method of 
measuring what we have called ‘surplus excitation’ in reflex activity of 
motoneurones. This paper is mainly devoted to the experimental elabora- 
tion of this result and the formulation of some useful concepts. In a second 
paper (Granit, Haase & Rutledge, 1960) we use these concepts in an 
analysis of the general problem of control of frequency of discharge of 
motoneurones. 

From the work of Eccles, Fatt & Koketsu (1954), confirmed in some 
essential aspects by Brooks & Wilson (1959) and Wilson (1959), it is known 
that recurrent inhibition acts by hyperpolarizing the motoneurone cell 
membrane via the Renshaw cells, which according to Szentagothai (1958) 


* Visiting NIH Research Fellow. Present address: Department of Physiology, University 
of Michigan, Ann Arbor, U.S.A. 
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also can be identified histologically as small cells lying ventromedially to 
the motoneurones. These cells discharge spontaneously (Frank & Fuortes, 
1956; Curtis & Eccles, 1958) and are more likely to do so in our decerebrate 
‘tonic’ preparations than in the anaesthetized animals of most other 
authors. Besides the ‘tonic’ motoneurones are particularly well provided 
with recurrent collaterals and Renshaw cells (Granit, Pascoe et al. 1957; 


‘Kuno, 1959; R. M. Eccles, A. Iggo and M. Ito, personal communication) 


and so their natural tonic activity will maintain ‘natural recurrent inhibi- 
tion’ as a permanent hyperpolarizing influence on the motoneurone cell 
membrane. This effect will increase when the number and rate of firing 
of the tonic cells increases. 


METHODS 


Experiments of the kind required for the present work on tonically discharging single 
motoneurones can succeed only with lively preparations capable of responding in this way. 
Therefore decerebrate cats have been used. In other respects the technique is essentially 
as described by Granit, Pascoe et al. (1957), i.e. denervation of the leg used with the exception 
of the medial and lateral gastrocnemius nerves, isolation of the knee extensors (triceps surae) 
sometimes with separation of gastrocnemius and soleus, laminectomy for operations on the 
spinal cord, and functional isolation of single ventral root fibres capable of delivering a tonic 


reflex discharge in response to pull on the muscle, as in Fig. 1A. In Arrangement A the 


antidromic shock stimulates a portion of the same root from which the functionally isolated 
fibre emanates. The tonically discharging fibre was generally localized in the ventral root of 
L7, which was severed so that the antidromic shock could be delivered to a portion of this 
root while $1 and L6 were left intact in order to have some y support of the muscle spindles 
which elicit the reflex to pull on the muscle (Eldred, Granit & Merton, 1953; Matthews & 
Rushworth, 1957; Matthews, 1959a, b). In spite of this precaution it is necessary to keep 
on stretching the muscle at regular intervals while the experiment is in progress, since the 
reflex tends to diminish after every prolonged pause. 

In most experiments the discharging spike triggered the antidromic shock, as illustrated 
in Fig. 1 A: in some, independent iterative stimulation of the ventralyroot was used. In the 
former case the stimulus was synchronized with the discharging spike, in the latter it was 
independent of its rate of firing. Unless recurrent inhibition is strong enough to silence the 
cell, synchronized stimulation offers the advantage of giving a more regular frequency of 
discharge to count. The original records below the diagram of Fig. 1 illustrate a control pull 
on the muscle (record 1) followed by the same pull (record 2) when the antidromic shock was 
locked to the spike in the manner described. Below each record is a tracing given by the 
electronic length-recorder used to record extension of the muscles. The ‘cumulative’ 
lengthening of discharge intervals with the triggered antidromic shock should be noted. 
(record 2), Generally the spike triggered the shock without delay. A shock delay up to 
10 msee was never found to have a significant effect on the recurrent inhibition obtained, 
suggesting that in a tonic preparation the average increase in the rate of discharge of the 
Renshaw cells is more important than the duration of firing in response to each individual 
shock. 

Arrangement A permitted two further modifications of the experiment: (i) section of the 
muscle nerves and stimulation of them by repetitive electrical shocks instead of pull; 


section of all lumbar and sacral ventral roots. 


The purpose of Arrangement B (Fig. 1) was to stimulate the cut dorsal roots and use the 
extensor muscle nerves for the antidromie shock, because this makes the latter influence 
extensor neurones only. For some problems this is of importance, since Wilson (1959) and 
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Wilson, Talbot & Diecke (1959, 1960) have found that recurrent stimulation sometimes has 
reciprocal effects on extensors and flexors. This means that recurrert inhibition from 
unidentified root filaments can be contaminated by recurrent excitation, even though in the 
experience of these authors the excitatory effect from flexors on extensors is small, and larger 
the other way round. The only reason for using Arrangement B was to make certain that the 


Tetanus 


Stretch 


1 


0-5 sec 
Fig. 1. Experimental arrangements A and B and sample of experiment with 
arrangement A below. Symbols, DR, dorsal root; VR, ventral root; 8, single fibre 
from ventral root; MN, motoneurone. Arrangement A. Spike from single ventral- 
root fibre amplified and connected to start antidromic shock from stimulator to 
portion of VR of same segment. Recurrent loop shown. Cross on VR to indicate 
that in some experiments all lumbosacral ventral roots were severed: such experi- 
ments not illustrated in text. Arrangement B. Lumbosacral dorsal roots severed 
and spike in single fibre discharged from DR of its own segment. The amplified 
spike now triggers shock to the medial and lateral gastrocnemius nerves severed just 
above muscle. Recurrent path of antidromic impulse shown as in A. 

Spikes activated by stretch of knee extensors in the manner shown by record | 
below. Record 2 is same strength of pull but with antidromic shock locked to 
tonieally discharging spike (note artifact).. Rate and length of pull (15 mm) 
indicated by length-recorder below. 


_ effects described also occurred with pure recurrent inhibition (between extensor moto- 


neurones of gastr ius-soleus). Since with this arrangement all dorsal roots from L4 
or L5 downwards are severed, the antidromic shock to the gastrocnemius nerves (sce 
Diagram) can only enter through ventral roots. Arrangement B does not afford an easy 
experiment, because stimulus strength and frequency have to be very carefully adjusted 
for the maintenance of a tonic discharge. If this required exceptionally strong stimuli, theve 
was too much variation of background from trial to trial. 

When delivering the antidromic shock to cut ventral roots it is often necessary to split 
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root filaments in order to find a portion capable of giving good inhibition on the tonic reflex 
discharge (Granit, Pascoe et al. 1957). Whenever gastrocnemius and soleus were separated, 
most fibres were found to respond to gastrocnemius pull alone. Soleus fibres, in accordance 
with previous experience (Granit, 1958) have to be searched for, as, indeed, one would expect 
from the relative size of the muscles and their fibre supply. Though soleus neurones respond 
much better to stretch (Denny-Brown, 1929; Granit, 1958), it is possible to activate some 
gastrocnemius neurones also, particularly if stretch need not be limited to the normal range. 


RESULTS 
Definition of problem 
The individual motoneurones taking part in a maintained soleus stretch 
reflex tend to fire at a constant rate independent of extension (Denny- 
Brown, 1929; Granit, 1958). The steady state.is upheld by what is called 
excitatory drive. In stretch the excitatory drive comes from the muscle 
spindles (the nuclear bag or annulospiral endings), directly by mono- 
synaptic paths which have but few (10-20), large end-feet on the moto- 
neurone (according to Szentagothai, 1958), and indirectly over poly- 
synaptic routes. Without support from the latter there will be no main- 
tained stretch reflex. The excitatory drive may be regarded as a barrage 
of impulses which activate a certain number of synaptic knobs per unit . 
time, thus producing a depolarizing current Piep. Opposed to this influence 
are inhibitory signals from structures such as Renshaw cells and Golgi 
tendon organs and also after-hyperpolarization (Brock, Coombs & Eccles, 
1953); these generate a repolarizing current Ppoi. By adding P,,, and 
Po; algebraically one obtains the net depolarizing current, the one thought 
to determinate the firing rate of the cell. This net current is equivalent to 
the depolarizing pressure of Phillips (1959); we have simply added a more 
precise definition of the term. 
According to this reasoning, the frequency of dinchiceun (fa) must be a 
function of the sum of Paey and Pp. Hence 
Fy = f(Paep + (1) 
F, in this equation is the only quantity which is directly measurable, 
but we shall proceed to keep F, constant and to raise the question whether 
under such circumstances the right-hand term of (1) is always constant 
also. In order to test this proposition we inject a constant amount of 
recurrent inhibition P,,,; into a stretch reflex. This means adding to the 
right- hand member of equation (1) the term P,,,,. The experiment consists 
in testing its effect upon the discharge frequency F,. The experimental 
problem is therefore: if the constant rate of firing of a maintained stretch 
reflex in a motoneurone signifies that the depolarizing pressure is constant, 
then also a constant P’,,, of recurrent inhibition ought to have a constant . 
effect. whenever applied. It might be added that, to direct electrical 
excitation of the motoneurone membrane, Fy is a linear function of P%., 
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(Barron & Matthews, 1938; K. Frank & M. G. F. Fuortes, personal com- 
munication). This question will be considered in our second paper 
(Granit et al. 1960). 


Recurrent inhibition into stretch reflex 


The simplest approach is to start by testing a stretch reflex at regular 
intervals with a brief antidromic tetanus, properly adjusted in strength 
and frequency so as to give the necessary range to the test. We use 


157 


Fig. 2. Arrangement A and 15 mm steady pull on the knee extensors. Tetanic 
antidromic inhibition at 114/sec inserted for 0-7 sec at regular intervals as marked 
by rectangles on abscissa (running time). Frequency of discharge constant between. 
the two parallel horizontal lines. @, number of impulses (imp/sec) during the periods 
of recurrent inhibition. Inset: original records at moments marked 1, 2 and 3 in the 
diagram. Note that when delayed recovery after recurrent inhibition begins, then 

_ discharge frequency fails to reach its original level (at this rate of repetition of 
antidromic stimulation periods). Discharge stopped for good with last period of 
stimulation, having been five times temporarily silenced. 


Arrangement A and pullonthe muscle. In Fig. 2a 0-7 secantidromictetanus 
at 114/sec is injected about every 5 sec. While stretch is being maintained 
the effect of the antidromic volley is seen to increase, ultimately depressing 
the discharge to zero. To begin with there was good recovery and even 
some rebound after each test but in the end, after a number of repetitions 
of the recurrent stimulus, the discharge frequency started to diminish and 
ultimately, when the series was completed (shown in the diagram), seven 
more seconds of-waiting for the discharge proved useless. It did not return. 
It is seen that some variation occurred. The line drawn between filled 
circles in the diagram serves roughly to indicate the increasing efficacy of — 
recurrent stimulation in spite of constant discharge frequency (between © 
the two horizontal lines). The constant amount of recurrent inhibition 
P,, Starting from the same basic level of discharge frequency reduces the 
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latter progressively more and more by an amount that depends upon time 
after application of stretch. Does this depend on temporal summation of 
the recurrent tests (P,,,,) from moment to moment ? 

In a good experiment, pull on the muscle can be repeated several times 
with the same effect and so it becomes possible to lock the antidromic shock 
to the spike at different moments. during the repeated stretch reflexes (as 


_ in Fig. 1). Thus recurrent inhibition in each instance is inserted anew into 


a fresh pull and can be kept locked to the firing spike for any time desired. 
In such experiments each test with recurrent inhibition is independent and 
cannot possibly add to the after-effects of a previous test. 

In Fig. 3A the experiments are of the type just described. There were 
probably two active fibres though the spikes were of the same size. 
Measuring began 1 sec after onset of stretch. Attending first to the lines 


drawn in full, it is seen that in the controls the spike frequency became 


stabilized at around 40 imp/sec (©). With two identical pulls the anti- 
dromic shock (@) was locked early (1) and late (2) in stretch. The very 
characteristic finding is:‘that suppression to zero took some time in 1 and 
was practically instantaneous in 2. The interrupted lines refer to conditions 
to be discussed separately below. ee 
Figure 3B refers to another experiment with a different animal. The 
discharge frequency in steady pull stabilized at 13 imp/sec (illustrated in 
Fig. 4 with records). The plot is now different. On the abscissa is indicated 
the moment in pull at which the antidromic stimulus was locked to the 
discharging spike, on the ordinate the duration required for complete 
suppression of the discharge. Both curves of Fig. 3B show that the later 
in the discharge the antidromic shock was locked, the more rapid the 
suppression of the firing. In the original records of Fig. 4 the final phase 
of suppression is illustrated for curve B2 of Fig. 3. The records 3 and 4 
serve as controls for 1 and 2, in that they illustrate the discharge frequency 
at later stages in stretch, as it would have been without early onset of 
recurrent inhibition by locking the shock to the spike. Curve B1 of Fig. 3 
is a résult earlier in the day with the same root filament as that used for 
B2. The discharge frequency of the motoneurone was the same as later 
(B2), but recurrent inhibition was more effective. | 
The general conclusion drawn from such results is that some factor 
responsible for the maintenance of a constant discharge had spent much 
of its force in the course of the stretch reflex but that this change had not 
yet found an expression in the frequency of discharge, which remained 
constant until tested by antidromic stimulation. This may be restated by 
defining this factor in a general way as surplus excitation with respect to 
any given discharge frequency, F, (which by itself gave no sign of the 
existence of surplus excitation). Thus Fj is stabilized by a frequency- 
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limiter cutting out the surplus at some point in the system. More atten- 
tion will be devoted to the problem of frequency limitation in our second 
paper (Granit et al. 1960). 


10 


Time to silence of spike 


Moment of 
locking shock 


i Jj 

0 5 10 20 

sec 
Fig. 3. Experiments with Arrangement A varying moment of locking antidromic 
shock within reflex discharge to steady stretch. Probably two efferent fibres though 
spikes undistinguishable. A. Pulls of 14 mm (lines drawn in full) and 16 mm (broken 
lines) which between the 6th and 7th sec begin to give the same output frequencies 
in the controls (O). @, corresponding pulls with antidromic shock locked to spike 
from the beginning (1) and 9-5 sec later (2) in different 14 mm pulls, and from the © 
beginning (3) in the 16 mm pull (broken line). In the latter case recurrent inhibition 
is non-cumulative for 9 sec. After this it suppresses discharge to zero in 2:5 sec. 
B. Another animal. Curves 1 and 2 from two experiments with the same spike, 
early and later in the day. Its reflex frequency of discharge to steady pull became 

_ stabilized at 13 imp/sec to 15 mm stretch in the controls. The time it took to silence 

this discharge is plotted against the moment at. which the antidromic shock was 
locked. Experiment done with a series of pulls to 15 mm. Sample records of Fig. 1 
refer to the same spike and show suppression of discharge to silence. 


Now in the case of the stretch reflex we know that surplus excitation 
diminishes with time, if for no other reason, at any rate on account of the 
adaptation of the muscle spindles. Yet the output may remain steady for 
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quite a while. The salient point here is that to a first approximation the 
amount of surplus excitation may be taken to be proportional to the curves 
of Fig. 3B, i.e. to the time necessary for recurrent inhibition to exert a 
constant effect, as defined by silence of the cell. 

It is important at this stage to draw attention to the experimental fact 
that in stretch the surplus excitation can actually be destroyed by recur- 
rent inhibition. This change can be traced by studying time for recovery 


0-5 sec 


Fig. 4. Original records from which Fig. 3 B2 was plotted. Suppression to zero” 
shown in each case. 1, antidromic shock locked from onset of stretch, time to silence 
11-7 sec; 2, corresponding time from moment of locking antidromic shock (10-6 sec) 
to silence, 8-5 sec; 3, moment 15-5 sec, time to silence 1-9 sec; 4, moment 18-0 sec, 
time to silence 0:75 sec. Dots mark locking of antidromic shock in 3 and 4. 


1 


2 

0-5 sec 


Fig. 5, Same experiment as in Fig. 3 B2, this time with repetitive antidromic 
stimulation at frequency 63 imp/sec inserted into stretch reflex at moments 1] sec 
(record 1), 13-4 sec (2), 19-1 sec (3), and 23-9 sec (4). Note tendency to ‘doubling’ 
of first pair of spikes after antidromic stimulation and the increasing time of © 
recovery from 2 to 3. | 


after the tests. In Fig. 2, the inserted records 1-3 refer to corresponding 
moments in the graph. In them it is seen that time of recovery increased 
from 1 to 3. The discharging spike used for the graph of Fig. 3B (curve 2) 
was also tested by repetitive antidromic stimuli. The delayed recovery later 
in stretch, after recurrent inhibition, is well illustrated by the records of 


3 Fig. 5. The slightly accelerated recovery (rebound) early in ‘stretch, 


previously described by Granit, Pascoe et al. (1957) as a sign of good 
excitatory drive, should be noted. It is a common phenomenon and will 
be taken up below. With tetanic tests, as in Fig. 2, rebound will contribute 
to the maintenance of the rate of firing between the tests. 

Returning to Fig. 3A, but this time to consider the interrupted lines 


alone, the experiment also shows in another way why it is necessary to 
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conclude that the system possesses a frequency-cut with respect to excita- 
tion. We have made use of the fortunate circumstance that maintained 
soleus stretch reflexes of individual motoneurones may become stabilized 
at rates of firing which are independent of extension of pull (Denny-Brown, 
1929; Granit, 1958, Fig. 1), a fact which in itself demonstrates frequency 
limitation (for full discussion, see Granit et al. 1960). Since for the steady 
state the input frequency of the afferents from muscle spindles increases 
linearly with extension (Eldred e¢ al. 1953; Granit, 1958) a modest increase 
of extension (avoiding excess, which will introduce some inhibition) is 
bound to produce surplus excitation. Now, in Fig. 34, the controls (0) 
show that ultimately the discharge frequencies become stabilized at much 
the same value around 40 imp/sec both for the original 14 mm and the 
second (interrupted lines) 16mm pull. The curve marked 3 refers to 
recurrent inhibition, locked from the beginning with the 16 mm pull, and 
therefore comparable with the one marked 1 for the 14 mm pull. An increase 
of surplus excitation is demonstrated by the long period of non-cumulative 
inhibition that now preceded the much delayed drop of rate of firing to 
zero (cf. also curves 2 and 3). Experiments of this type provided further 
good evidence for our conclusion that the resistance to recurrent inhibition 
is determined by the excess of excitation beyond the amount barely 
capable of sustaining any given rate of firing. The surplus excitation in 
this case clearly comes from excitatory drive increased by harder pull. © 
Repetitive and locked antidromic stimulation are compared in Fig. 6, 
which was chosen also because of the exceptionally strong effect of 
recurrent inhibition, although in this case the discharge was unusually 
irregular. The rapid rise of the frequency curve from zero at onset of pull 
is not included. Antidromic repetitive stimuli at various frequencies (see 
legend) were compared with locked ones. The effects did not differ very 
much, in spite of the variations in the mode of applying recurrent inhibi- 
tion. Yet in experiments with less marked recurrent inhibition the mode 
of application proved important. The general rule was that if repetitive 
antidromic stimuli were delivered at rates roughly corresponding to or 
below the cell’s natural rate of firing in the reflex, then synchronized — 
(locked) antidromic shocks were more effective than unsynchronized 
(cf. Granit, Pascoe et al. 1957, p. 398). Otherwise repetition rates from 
40 to 50 imp/sec gave stronger recurrent inhibition than did synchronized 
shocks which were tied to the slow rates of discharge of tonic cells. How- 
_ ever, during a tetanus, frequency of discharge tends to be very irregular. 
It is easier to measure F, with triggered (synchronized) recurrent inhibition. 
Figure 6 also serves to emphasize that, in spite of maintained stimulation 
by an amount of extension which in the controls was fully capable of 
keeping up frequency of firing for minutes in the fashion shown, insertion 
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3r @ 


30 


20 


0 5 10 15 

sec 
Fig. 6. Arrangement A. Control discharge to 14 mm pull (uppermost, small dots) 
was well maintained as long as pull lasted but irregular, possibly owing to the 
presence of two indistinguishable spikes. Chosen because of the very powerful 
recurrent inhibition from onset of stretch. Locked and repetitive antidromic 
stimulation compared, both maintained until spike was silenced. O, Locked; @, 
tate 14 imp/sec; A, 24 imp/sec; x, 64 imp/sec. 
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of recurrent inhibition sufficed to do away with the discharge in 5 sec, and 
very thoroughly at that, since it did not return for the 3 sec the camera was 
kept running. An amount of recurrent inhibition which is constant (or 
even diminishing owing to its own effect on rate of discharge) therefore is 
capable of removing surplus excitation. 

To sum up: (i) Somewhere in the discharging system there exists a 
frequency limiter. (ii) As a consequence any available surplus of excitation 
is prevented from augmenting frequency of discharge, /,. (ili) By adding 


recurrent inhibition it is possible, within limits, in such cases to estimate — 


the amount of surplus excitation by using a constant index, in our case 
suppression to silence (Fig. 3). (iv) When any given F, is upheld by a 
sufficiently small surplus of excitation, recurrent inhibition acts as if it 
were capable of destroying it altogether with consequent fall of depolarizing 
pressure to a value from which firing fails to recover. (v) With maintained 
stretch a progressive loss of surplus excitation is concealed behind a 
‘screen’ of steady frequency of discharge, but its existence can be revealed 
by testing with recurrent inhibition. 


Electrical stimulation of afferents 


It is clear that whatever the nature of the function defined by equation (1), 
a decrease of depolarizing pressure can be produced by adding to the 
inhibitory quantity Ppo of the right-hand member, e.g. by steady pull on 
an antagonist flexor muscle during electrical stimulation of the extensor 
afferents, When pull is hard enough, frequency of discharge of the extensor 
motoneurones goes down, even when a constant electrical tetanus of the 
severed extensor afferents (efferent roots being cut) maintains a constant 
drive. The experimental question is therefore: is it possible, with main- 
tained drive, to reduce depolarizing pressure without making non- 
cumulative recurrent inhibition cumulative, i.e. without silencing the 
discharge of the cell? It is, of course, necessary to have a good recurrent 
inhibition to begin with. 

The experiment of Fig. 7 has been designed as an answer to this question. 
The upper record is the control followed by locking of antidromic stimula- 
tion, the lower one the corresponding experiment during maintained 
stretch of the flexor tibialis anterior. There were in all 130 periods of 
measurement, 1 sec each, pull on flexor and no pull alternating. Control 
frequency of discharge without pull was 32+ 1-6 imp/sec. It was reduced 
by non-cumulative recurrent inhibition to 18+1-2imp/sec. The cor- 
responding values during flexor pull were 25+1-7 and 13+ 0-8 imp/sec. 
The suppression ratios (control frequency: inhibited frequency) with and 
without pull were therefore 1-8 and 1-9 respectively, hence equal within 

the limits of error. Thus, in spite of a definite reduction of depolarizing 
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pressure, the cell could not be silenced by recurrent inhibition as long as 
a constant excitatory drive was maintained. A good amount of surplus 
excitation relative to the value of F, was thereby maintained. The 
recurrent inhibition in the present case was very potent, causing a reduc- 
tion of depolarizing pressure which in terms of frequency of discharge 
amounted to 45%. The orthodromic inhibition had reduced depolarizing 
pressure by an amount corresponding to 7 imp/sec. Thus this type of 
experiment (of which there were four in all) is an important supplement to 
those on stretch, in which, however, a slight drop of depolarizing pressure 
(frequency) was tantamount to loss of surplus excitation with consequent 


0-5 sec 
Fig. 7. Arrangement A, but electrical stimulation from severed medial and lateral 
gastrocnemius nerves at 64 imp/sec instead of pull. Nerve to antagonist tibialis 
anterior preserved intact for 13 mm inhibitory pull in record 2 (see length-recorder 
below). 1, frequency of discharge 32 imp/sec, suppressed by non-cumulative 
recurrent inhibition to 18 imp/sec; 2, during pull on tibialis anterior frequency of 
- discharge diminishes to 25 imp/sec and recurrent inhibition now suppresses it to 
13 imp/sec. These values refer to averages of measurements for in all 130 periods, 
each of 1 sec, with and without pull. Contralateral dorsal lumbosacral roots cut in 
this experiment. 


delayed recovery after recurrent inhibition. The experiments on stretch 
thus differed from the present one in that any fall in the steady rate of 
firing led to an apparent increase of potency of recurrent inhibition, 


_ generally ending in silence of the discharge. 


It now remains to use Arrangement B in order to have some experiments 
in which extensor reflex spikes are tested with recurrent inhibition limited 
to extensor fibres (see Methods). These experiments were restricted to 


constant discharge frequencies and it was attempted to make use of the 


frequency-limiter in the system by varying stimulus strength so as to 
approach the minimum excitatory drive necessary for maintaining a 
constant discharge frequency. 

In Fig. 8 the records la and 1b are continuous and it is seen that 
recurrent inhibition was non-cumulative. Reduction of stimulus strength 
in record 2. with little effect on average rate of discharge immediately 
made inhibition cumulative. In D, the records 1a and 16 refer to the same 
tun. Antidromic stimulation triggered at moments 1-3 sec (1a) and 8-7 sec 
(1b) after initiation of repetitive stimulation of the dorsal roots gave 
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non-cumulative inhibition in the first instance and cumulative inhibition in 
the second when the discharge had been maintained for a longer time (cf. 
the counterparts in Fig. 2 with stretch reflexes, first section). Stimulus 
strength was then slightly reduced without significantly influencing 
frequency of discharge (= depolarizing pressure). Record D2 is the 
control; record D3 shows that recurrent inhibition now was cumulative. 


a 
J 
3a 


3b 


0-5 sec 


Fig. 8. Arrangement B. A-—D from different experiments. In A-—C locking and 
unlocking of antidromic shock marked by dots. Locking identified in D by shock 

artifacts. A. la, directly continued in 10, illustrates non-cumulative recurrent inhibi- 
tion which by slight decrease of stimulus strength in 2, turns cumulative. B. Non- 
cumulative recurrent inhibition on and off to show tendency to doubling of spikes 
at cessation of antidromic stimulation. C. 1 and 2 show similar doubling of discharge 
after cessation of locked antidromic stimulation. 3a—c, same experiment after reduc- 
tion of stimulus strength to reduce afferent excitation. 0-5 sec cut out between a and 
b; c, 0-8 sec after last spike in b. Spike kept locked to stimulus until dot in 3c. 
Note in this case that recovery is delayed and feeble, and no doubling in 3c. D. la 
recurrent inhibition non-cumulative when inserted 1-3 sec after initiation of DR 
stimulation; 16 shock, locked to spike in the same stimulation period at moment 
8-7 sec from initiation of dorsal-reot driving of spike. Recurrent inhibition now 
cumulative; 2, control after slight reduction of stimulus strength; 3, same stimulus 
with antidromic shock locked to spike from. the beginning. 


Like the previous experiments with stretch, these, too, show that with 
a sufficiently potent recurrent system there is no fundamental difference 
between cumulative and non-cumulative recurrent inhibition (which are 
purely descriptive terms). It is all a matter of whether any given moto- 
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neurone is provided with enough surplus excitation to be able to recover 
from antidromic inhibition. The experiments also show that in spite of 
electrical stimulation surplus excita cion tends to diminish with continued 
stimulation. In this respect animals differ very much, as do individual 
cells in one and the same animal. (This finding has been studied in greater 
detail by Granit et al. 1960). 
Of particular interest are the results of records B and C1 and 2 (Fig. 8) 
which show that ‘doubling’ of spikes (rebound) also occurs with extensor 
spikes tested by an extensor recurrent inhibition which therefore is 


Input 


Internuncial 


cells 


cells neurones 


Renshaw Moto- 


Output 
Fig. 9. Block diagram to show recurrent circuit (see text). 


contaminated by excitatory effects from flexors (cf. Wilson, 1959; 
Wilson et al. 1959; and Methods). Weakening stimulus strength, as in 
_ tecords 3a and 3b of Fig. 8C, so as to reduce surplus excitation, removed 
‘doubling’. The results are therefore in line with the interpretation of 
Granit, Pascoe et al. (1957), according to which doubling is due to rebound 
in the presence of good excitatory drive, rather than with that of Wilson & 
Talbot (1960) who regard the phenomenon as a genuine excitatory com- 
ponent of recurrent inhibition. 

Sometimes, when a powerful recurrent inhibition was combined with 
4 good excitatory drive, one could, when the antidromic shock was locked 
to the spike, find inhibition cumulate towards a low value for the rate of 
discharge without ever being able wholly to silence firing. The long pauses 
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between the spikes allow time for some recovery from recurrent inhibition, 
and so the firing rate of the spike increases anew. This, in turn, increases 
repetition rate of the locked antidromic shocks and so cumulation of 
inhibition is reinstated. In this manner, then, the circuit closed artificially 
by locking stimulus to spike could go on hunting for its balance point. 
Such cases are rare compared with those in which the antidromic shocks 
sum their effect to give a steady or but slightly fluctuating reduction of 
firing frequency. 
DISCUSSION 


A block insenai of the possible circuits we have been studying is given 
in Fig. 9. We regard the connexion recurrent collateral—Renshaw cell— 
motoneurone to be established (Renshaw, 1941, 1946; Eccles et al. 1954; 
Brooks & Wilson, 1959; Wilson, 1959). The second circuit from Renshaw 
cells to internuncial ovlte may start from the recurrent collaterals them- 
selves, though we have drawn it so as to suggest that (some) Renshaw cells 
may inhibit internuncial cells. Frank & Fuortes (1956) have shown by 
direct recording from interneurones farther inside the spinal cord that 
antidromic shocks may elicit discharges also at this site (cf. also Koizumi, 
Ushiyama & Brooks, 1959). This is in accordance with the original observa- 
tions of Golgi (1903) who saw recurrent collaterals disappear into the cord. 
The results of Frank & Fuortes make direct internuncial effects from 
antidromic stimulation a reality but do not show if such recurrent branches . 
are common or rare. 

There is definite evidence for the conclusion that an internuncial excitatory path is of 
importance for the stretch reflex. Thus, for instance, it was proved by Granit, Phillips, 
Skoglund & Steg (1957) that the potentiating effect of repeated brief stretches on tonic 
discharges of extensor motoneurones likewise was potentiated by two polysynaptic reflexes, 
*‘pinna’ and ‘crossed extensor’. It is also well known from the early work of the Sherrington 
school that extensor stretch reflexes disappear in acute spinalization, a fact confirmed 
innumerable times (cf. Alvord & Fuortes, 1953). Internuncial cells therefore contribute to 
the excitatory drive and the depolarizing pressure. In fact, it is doubtful whether any norma! 
tonic discharge to stretch is ever possible without a substantial fraction of internuncial 
excitatory support. Pompeiano (1960) has recently devoted a study to the effect of inter- 
nuncial ‘release’ phenomena on the stretch reflex. 

On activating the input (Fig. 9) at increasing strength in the presence 
of sufficient internuncial support, the point is soon reached when the dis- 
charge frequency of motoneurones becomes practically constant. Thus a 
surplus of excitation is obtained. This may be regarded as an available 
reserve just above or a great deal above what is needed to maintain a 
certain firing frequency F,. It proved possible in the experiments on 
stretch to measure this surplus by the time it took to silence the cell under 
recurrent inhibition: We have been able to show that excitatory drive 
(which determines surplus excitation) in some types of experiment is 
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destroyed by recurrent inhibition. We have also found that reduction of 
depolarizing pressure by itself (by flexor pull creating inhibition) need not 
necessarily augment the effect of recurrent inhibition, provided that the 
excitatory drive is well maintained by electrical stimulation. In our second 
paper (Granit et al. 1960) we discuss frequency limitation and depolarizing 
pressure. For the time being it is concluded that the polarizing effect of 
recurrent inhibition can balance out with depolarizing pressure as a steady 
(non-cumulative) state only when there is enough surplus excitation 
available. This comes from presynaptic excitatory drive. ‘Cumulative’ 
and ‘non-cumulative’ recurrent inhibition are merely descriptive terms. 
Non-cumulative inhibition turns cumulative when surplus excitation 
barely suffices to maintain any given frequency of discharge. 

From the work of Eccles et al. (1954) it is known that recurrent inhibi- 
tion has a hyperpolarizing action at the motoneurone membrane. It will 
thereby oppose depolarization. Thus it will reduce depolarizing pressure 
(see diagram of Fig. 9). Whatever form we assume for equation 1 (which 
is likely to be linear, as discussed in our second paper, Granit et al. 1960) 
it is clear that aur results show that the net effect of recurrent inhibition 
on F, cannot be deduced from depolarizing pressure without taking into 
account excitatory drive. This is at least partly, and probably largely, a 
presynaptic influence maintaining Pyep, and is not itself included in the 
terms of equation (1). The excitatory drive, on this view, determines the 
rate at which the motoneurone cell membrane can compensate by de- 
polarizing currents for the hyperpolarizing effects of recurrent inhibition. 

The finding that recurrent inhibition can under some circumstances be 
used as an instrument for gauging the available amount of surplus 
excitation by which in reflex action any given depolarizing pressure is 
maintained, is one we find a little difficult (though not impossible) to 
understand on the basis of a recurrent inhibition solely directed towards 
the motoneurone membrane. The experiments presented have shown with 
considerable uniformity, and particularly clearly with natural stretch 
reflexes, that at times recurrent inhibition destroys excitatory drive and 
silences the motoneurone for good in spite of maintained stretch. We must 
- therefore seriously consider the hypothesis that the recurrent process also 
destroys it at its source in the interneurones, acting, say, in the manner of 
a temporary acute spinalization. This process is often heralded by signs of 
- delayed recovery after recurrent inhibition and ends in complete failure 
of the discharge to reappear, though the latter is well enough maintained 
in control pulls run for the same or greater lengths of time. 

It has been pointed out by Matthews (1959a, 6) that stretch reflexes 
for any given extension produce the same amount of static reflex tension 
independently of whether they are started by very slow or by fast pull. 
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Hence it is difficult to understand why a muscle, kept extended, could not 
reproduce its reflex tension after temporary recurrent inhibition (Figs. 2, 
3a, 4 and 5), assuming the latter to be directed merely on to the moto- 
neurone cell membrane. To explain on the basis of the findings of Eccles 
et al. (1954) the fact that it cannot do so, it would be necessary to add the 
assumption that a high afferent starting frequency is necessary for activating 
the internuncial pool. Alternative hypotheses on similar lines could be 
formulated to account for the failure of a cell, blocked by recurrent 
inhibition, to regain its active state. Thus, Granit, Pascoe et al. (1957) 
suggested that post-tetanic potentiation at the synapse between Renshaw 
cell and motoneurone might strengthen the effect of recurrent inhibition 
by temporal summation. There is also accommodation to consider (Araki 
& Otani, 1959) and a firing cell, as we have seen, is supported by rebound. 

Be this as it may, with regard to the physiological problems of regulation 
of rate of firing and general control the essential point is that recurrent 
inhibition—when well developed anatomically—powerfully influences 
those particular motoneurones that are kept firing on too small a supply 
of surplus excitation. The actual frequency of discharge of the moto- 
neurone is immaterial. If barely maintained, recurrent inhibition will stop 
the firing. Thus it can be understood why Phillips (1959) often found what 
was interpreted as recurrent inhibition in the pyramidal cells with high 
firing frequencies, whereas Granit, Pascoe et al. (1957), found it to be strong 
in tonic ventral horn cells which fire slowly (cf. Kuno, 1959; R. M. Eccles, 
A. Iggo and M. Ito, personal communication). We have often seen high- 
threshold, rapidly firing cells silenced before low-threshold tonic ones run 
on @ greater surplus of excitation. If with electrical stimulation spikes were 
kept actively discharging just at threshold strength, then, whatever their 
rate of firing, they tended to disappear as soon as antidromic stimulation 
was triggered to the spike, provided that they had recurrent inhibition. 
This was well seen whenever functional isolation of ventral root filaments 
for single spikes was unsatisfactory so that high threshold neurones were 
seen to be brought in at increased stimulus strength. In this case the feebly 
supported high-threshold repetitive discharges were usually silenced by 
recurrent inhibition. 

One definite role of recurrent inhibition will therefore be to hold down 
the subliminal and just liminal fringe around any reflex action and to 
stop feebly supported discharges from lingering on. Since its effect depends 
upon how well any particular depolarizing pressure on a motoneurone is 
supported by surplus excitation, different forms of physiological activity 
may vary very much in this respect. Inasmuch as organizational features 


are important for recurrent inhibition, they will determine its effect in — 


accordance with the principle now established. 
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Granit, Pascoe e¢ al. (1957) regarded the recurrent collaterals as the 
‘natural efferent antagonists to the y-driven tonic system’ (p. 397) 
meaning that, since spindle activation was slow and was succeeded by 
long-lasting states of post-tetanic potentiation, a ‘danger zone’ of lingering 
effects was created which, in the end, was neutralized by recurrent inhibi- 
tion. This deduction is included within, and not an exception to the 
generalization of the present work as given in the previous paragraph. 
They also noted that (what has been called here) surplus excitation, as 
obtained by post-tetanic potentiation from the muscle afferents, made 
cumulative recurrent inhibition non-cumulative, in fact, the urge to 
formulate and study the present problems came from their observations. 
Eccles et al. (1954) held recurrent inhibition to be a kind of safeguard in 
violent motor activity, a role which it could play well only with moto- 
neurones from the subliminal fringe. : 

Wilson (1959) and Wilson eé al. (1959) have found recurrent inhibition 
coupled with reciprocal excitation. This is evidence for its role in functional 
differentiation of reflex patterns, but further work will have to decide how 
- strictly it follows the principle of reciprocal action. As a matter of fact, 
R. M. Eccles, A. Iggo and M. Ito (personal communication) did not find 
reciprocity to be the decisive organizational feature, but after testing with 
very many different nerves decided upon ‘proximity’ in the cord. The 
excitatory effect we have not seen with tonically discharging extensor 
motoneurones and so recurrent inhibition must be vastly more potent in 
them. Also in these workers’ results by the intracellular technique 
excitatory effects were rare and very small. Brooks & Wilson (1959) and 
Brooks (1959) concluded from the greater effect of recurrent inhibition on 
heteronymous than on homonymous reflexes that it served to concentrate 
the reflex field, acting much like Hartline’s lateral inhibition (Hartline, 
1949; Hartline & Ratliff, 1956). This deduction also falls under the 
generalization of the present work as a special case. Whenever there is 
a discrepancy between excitation actually used and excitation necessary 
to run any particular reflex against recurrent inhibition, the result can be 
predicted in its main outlines from this generalization. However, we show 
in our second paper (Granit et al. 1960) that the Renshaw cells are under 
central control and so, in the end, the scope of their influence will ulti- 
mately be determined by the extent to which they are mobilized. 


SUMMARY 


1, Tonic reflexes in single motoneurones of decerebrate cats have been 
elicited by extensor stretch and by electrical stimulation of muscular 


afferents or dorsal roots and tested by antidromic stimulation at constant 
strength. 
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2. When care is taken with steady stretch to maintain a steady reflex 
frequency of discharge, the effect of recurrent inhibition of constant 
strength and duration nevertheless increases, when it is injected later and 
later in the maintained reflex discharge. This is shown to signify that the 
steady discharge is kept up by a slowly diminishing surplus of excitation, 
not visible in the rate of firing, but gauged in this experiment by the 
relative increase in efficacy of recurrent inhibition. Hence motoneurones 
are provided with a frequency-limiter (cf. Granit et al. 1960). 

3. By making use of the frequency-limiter to obtain stretch reflexes 
at the same rates of discharge in spite of different amounts of excitatory 
input, it is shown that recurrent inhibition actually remains constant or 
increases but slowly in potency, as long as there is evidence for surplus 
excitation on the input side. A cumulative or increasing effect of recurrent 
inhibition, under various conditions, is always found to signify that the 
steady rate of discharge of the cell is inadequately supported by the pre- 
vailing excitatory input. 

4, Adequate support of any vitor discharge can be obtained with 
electrical stimulation of afferents. If under such circumstances the tonic 
extensor reflex is partially inhibited by steady pull on the antagonist flexor 
so as to reduce firing rate, this need not augment recurrent inhibition as 
does a negligibly small reduction in firing rate due to loss of surplus 
excitation. Reduction in motoneurone frequency of discharge is not as 
such decisive, but rather the amount of presynaptic excitatory drive by 
which any discharge is supported. 

5. One major physiological role of recurrent inhibition is therefore to 
suppress feebly supported motoneurone activity from the ‘fringe’ and to 
prevent after-discharges from lingering on. 


We are indebted to the Swedish Medical we Council and the Rockefeller Foundation ~ 
for a grant in aid of this work. We also wish to acknowledge valuable criticism by Drs Bernhard 
Frankenhaeuser and C. G. Phillips. 
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Our previous paper (Granit & Rutledge, 1960) showed that recurrent 
inhibition silences the discharge of a motoneurone which is feebly sup- 
ported by excitatory drive, even in the face of constant depolarizing 
pressure as defined in that work. One answer was also provided thereby 
to the general question of why sense organs and interneurones fire at 
frequencies which are in excess of immediate apparent needs. In the 
present study every precaution was taken to maintain afferent excitation 
in excess of that barely needed to keep up a given rate of reflex firing to 
electrical stimulation of muscular afferents. This is because the main 


question here concerns the relationship between normal firing frequency — 


F, of a motoneurone and its rate of discharge F; under recurrent inhibition. 
F, was now found to be a basically linear function of F,. This finding 


proved to be of methodological interest in work on the physiological — 


significance of recurrent inhibition. 

Holmgren & Merton (1954), making use of an analogy derived from 
electronics, suggested that recurrent inhibition has a stabilizing effect on 
the discharge from motoneurones. Defining stabilization for our purpose 
as the integrated net effect of one or several processes engaged in holding 
the rate of firing within relatively narrow limits, we have also tried below 
to scrutinize this concept as a biological proposition. (It isnot ourintention 
to elaborate an electronic analogy which may or may not be valid.) This 
means that special attention will be given to the factors which determine 
the upper and lower limits of the frequency range. Thus limitation of dis- 
charge frequency is possibly a more accurate term than ‘stabilization’. 

We are not aware of any previous work concerned with the relation 
between F, and F;. The general problem of ‘frequency limitation’ may, 
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however, be said to have arisen out of Adrian & Bronk’s (1929) and Denny- 
Brown’s (1929) work on the reflex activity of single motoneurones whose 
firing they proved to be restricted to fairly low rates. Out of the many 
papers confirming this finding, attention may be drawn to those of Alvord 
& Fuortes (1953), Lloyd (1957), and Margaria (1959) as being of interest for 
the present work. The question by what means the discharge frequency of 
motoneurones is limited (upwards) has not really come into the foreground 
until fairly recently. Further relevant. contributions will be found in 
papers by Granit, Pascoe & Steg (1957); Eccles, Eccles & Lundberg (1958); 
Granit (1958); Matthews (1959a, b); Phillips (1959); Granit & Rutledge 
(1960) and Pompeiano (1960). 


METHODS 


Nothing technically new is introduced in this work. Arrangement A of the previous paper 
(Granit &. Rutledge, 1960) was used. The precollicular decerebrate animals were de- 
efferented, generally from L6 to end of cord but always within the segments used. Stimu- 
lating electrodes were placed on the severed central stumps of the medial and lateral 
gastrocnemius nerves, tetanic rates of not less than 114/sec, rarely more, being used to 
elicit tonic firing from functionally isolated motoneurones in L7 or 81. In agreement with 
Alvord & Fuortes (1953) we think this a good way of setting up a central excitatory state, 
in the original sense of Sherrington. By chance our standard rate of stimulation fell near 
the optimal values (70—100/sec) which, while this paper was in preparation, were published 
by Curtis & Eccles (1960) for monosynaptic post-synaptic potentials in motoneurones. The 
isolated reflex spikes from one ventral root filament were made to trigger the antidromic 
shock to the rest of the root, as is described in the previous paper (its Fig. 1) and also illu- 
strated with records from an original experiment in Fig. 1 of this paper. 

The standard procedure consisted in measuring the frequency of discharge, /,, during 
5 sec of control, its rate, F;, during 5 sec of locked antidromic stimulation, and finally F, in 
tecovery for 5 sec afterwards, the last in order to have a check on possible loss of drive. The 
two control values for F,, , before and after antidromic stimulation, were averaged. For special 
problems shorter times were used. This averaging means including a component of rebound 
(Granit, Pascoe et al. 1957) but since this process may have started already during stimulation 
it is safer to use two averaged control values. Different frequencies of discharge F’, were 
obtained by variation of stimulus strength and it was attempted to find motoneurones that 
could be made to vary in rate of discharge by these means. The time of onset of antidromic 
relative to onset of afferent stimulation was constant for any one series of observations at 
different frequencies, unless the effect of afferent stimulus duration had been specifically 
proved to be insignificant for the particular neurone used. This will be separately discussed 
below. The most common times for onset of antidromic stimulation fell between 20 and 
30 sec after initiation of afferent stimulation. 

In every case the isolated spike was tested from threshold or minimum frequency for 
tonic firing, F,, min., to maximum obtainable, F,, max., by increasing afferent stimulus 
strength. Stretch afferents excite a large number of interneurones (Kolmodin, 1957) and 
that interneurones actually contribute to reflex excitation of extensor motoneurones has 
been proved by Granit, Phillips, Skoglund & Steg (1957). The excitatory state thus obtained 
should not be confused with monosynaptic effects on motoneurones. The decerebrate animal 
is in a state of extensor release and flexor suppression, as is known from the work of the 
Sherrington school and recently elaborated by Job (1953), Eccles & Lundberg (1959) and 
Holmqvist & Lundberg (1959). Afferent stimulation of the extensor muscle nerves influences 
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this ‘state’ and does not specialize on monosynaptic effects, as was clearly realized by 
Alvord & Fuortes (1953). 
Locking of the antidromic shock to the discharging spike ensures that the antidromic 
inhibition is forced to follow the dominant rhythm F,, of the spike studied. The rhythm F, 
will emerge asa balanced state between orthodromic depolarization and recurrent (re)polariza- 
tion (Eccles, Fatt & Koketsu, 1954) of the motoneurone membrane, evaluated as frequency 
of discharge. 

RESULTS 
Relation between F, and F; 


At the outset it is necessary to realize that the experiment deals with a 
complex situation. When stimulus strength is augmented in order to 
increase F,, several other motoneurones are excited in parallel with the 
one studied and many of them will be provided with Golgi recurrent 
collaterals. Thus, to an unknown degree, ‘natural’ recurrent inhibition 


20 12 20 


Fig. 1. Records from three experiments showing tonic reflex discharge of single 
fibre in ventral root to afferent stimulation at repetition rate 114/sec. F’, is normal 
frequency of discharge 1 sec before and after locking of antidromic shock to firing 
spike to obtain F,. Values of F', and F’, (impulses/sec) against the records refer to the 
cut out portions and not to total period of counting. The first five rows, from above 
downwards, refer to one experiment, the sixth and seventh to two other experi- 
ments; the seventh is put in to illustrate good rebound. : 


will compete with the experimentally injected component for the available 
number of Renshaw cells, and some rivalry will occur up to the saturation 
point (defined as the maximum number of maximally active Renshaw 
cells). More afferent inhibition will also be introduced by an increase of 
stimulus strength, but this need not concern us in the present work for 
which it is important merely to have a semistationary state of balance 
between excitatory and inhibitory forces, with consequent steady rate /), 
of firing. It is immaterial what depolarizing and polarizing forces par- 
ticipate in building up the net depolarizing current—defined as de- 
polarizing pressure (Paep + Ppo1)—as long as excess drive is present, and 
this should be obtainable by electrical stimulation above the threshold 
(for definitions, see Granit & Rutledge, 1960). 

Figure 1 serves to introduce the actual experiment. The first five hori- 
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zontal rows are from one cat, the two lowermost from two other animals. 
In each row the last few control values before antidromic stimulation are 
shown on the left, then the initial portion of the 5 sec antidromic stimula- 
tion, the last portion of it, and finally the control afterwards. Strictly, 
5 sec of each portion should be illustrated to give the full experiment with 
its greater accuracy. The figures indicating discharge rates in the records 
refer merely to the strips cut out for reproduction. The rebound in the 
lower records should be noted. 

The curves A to G and J of Fig. 2 are from motoneurones isolated in one 
single animal; H is from another animal. The data have been plotted in 
terms of Ff’; as ordinates, against F, as abscissae. Straight lines have been 
drawn through the points. Curve H was added to show how nearly the 
lower limit can be balanced: at F, = 15/sec recurrent inhibition silenced 
the cell because it was difficult at the threshold to mobilize enough surplus 
excitation (see Granit & Rutledge, 1960). This value corresponds to 
F, min. After a slight increase of stimulus strength the discharge rate went 
up to F, = 16/sec, at,which level a balanced discharge was obtained and 
thereby the first point on the curve. The many values, heaped around the 
top of several curves, bear witness to fruitless attempts to increase F, max. 
by augmenting shock strength to the afferent nerve. Curve J is an 
interesting special case in which the linear relation between F, and F; was 
valid in spite of the fact that two different spikes were present and, possibly, 
three in the end. Complications are common in such cases. For instance, 
at a certain rate of discharge one of the two-may actually be facilitated 
by the rebound of its predecessor and so, quite suddenly, adopt its rate 
of discharge. For this and other similar reasons all our analyses are based 
on single-fibre preparations. The results ‘may then be conveniently 
summarized by a linear equation for which we have preferred the less 


common form F, = aF,+0. | (1) 


The values of the constants a and b will be found in the legend, b being 
the intercept for Fj = 0. Put in this form, a increases when recurrent 
inhibition increases and more often than not b is positive. The constants 
have been derived from curves drawn freehand, as no particular purpose 
was served by calculating the ideal straight lines. 

The efficacy of recurrent inhibition is given by the difference between 
the normal and the inhibited rate of firing, which is wanted as a function 
of F, and easily derived from oes 1. It is 


F,—F, = (2) 
from which it emerges that the ae of equation (1) is useful also because it 


represents a convenient way of deriving the values of the constants of 
equation (2). This, in fact, has been our procedure and in the present case 
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the curves of Fig. 2 have been replotted in Fig. 3 for F,—F as a function 
of F, in accordance with equation 2. The simple formulas used should not 
be interpreted as a mathematical treatment of recurrent inhibition. Their 
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Fig. 2. Plot of F; as ordinates against F’, as abscissae (imp/sec) for a number of iso- 

lated motoneurones A-G and for a pair of motoneurones J, all from single experi- 

ment, H being from another animal and put in to show the critical effect of lack of 
surplus excitation, as explained in text. Curves drawn free-hand to equation 

F,, = aF,+b. The values of the pairs a and b from A to H are 0-96, 4:3; 1-47, 

— 3-0; 2-01, —9-2; 1-22, —1-8; 1-00, 6-3; 1-10, 1-0; 0-86, 5-0; 0-79, 9:8. Ordinate 
scale on the right for curve J and interrupted curve refers to plot of F,—F, against F, 
as in next figure. 
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purpose is merely to simplify and concentrate description of our findings 
to essentials. 


When we focus attention on the derived constant (a—1)/a, it is seen 
that if a = 1, the amount of recurrent inhibition is wholly determined by 
b, and the curve (in the plot of Fig. 3) is a horizontal line at ordinate b, as 
in £ of that figure. Recurrent inhibition then is constant and independent 
of rate of discharge /,. If. > 1, then F,—; increases in proportion to 
the normal discharge frequency F, , as shown by curves B, C, D and F of 


dig 


o 
T 


Fig. 3. Plot of curves derived from those of previous figure and similarly marked 
but using equation 2 of text. Ordinates, F,,—F; abscissae, F’, (imp/sec.). Each 
curve also shows the experimentally obtained range from F’, min. to F,, max. 


Fig. 3. Finally, if a < 1, F,—F; diminishes with F,, as illustrated in 
A, H and G. Thus in this experiment all possibilities were sampled, though 
it is more common to find one particular animal to some extent specializing, 
as it were, on positive or negative slopes (a—1)/a. 

As has. been stated, all values for F, were brought to the maximum 
obtainable by electrical stimulation of the muscle nerve. When the range 
within which F, could be made to vary was very small, below 6 imp/sec, 
we have not included the data in our survey of Fig. 5, because in such cases 
the question of linearity hardly arises. Actually small ranges were quite 
common, but being interested in the relation between F, and F; we have 
_haturally tried to select spikes capable of varying in frequency of dis- 
charge. In order to demonstrate that linear curves do provide a good 
description of our findings it is of interest to reproduce seven curves 
(A-—G of Fig. 4) comprising large ranges in addition to the two (B and C) 
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already shown in Fig. 2. Occasional single values may fall outside but we 
shall provide evidence below for the conclusion that recurrent inhibition 
is under supraspinal control, and decerebrate animals are well known to 
have occasional fits of activity. , 


Sometimes recurrent inhibition has a threshold above the minimum 


maintained value of Ff, but generally F, and recurrent inhibition start 
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Fig. 4. A-G are curves plotted as in Fig. 2 but from experiments in which range 
of F’, was large, as in curves B and C of that figure. The constants a and b are from 
A to 1-25+ 1-0; 0-97 + 2-4; 1-0; 0-844 8-9; 1-17-0-6; 0-92 + 3-7; 0-84+ 8-8. 
Curve H is the average from 33 experiments; a = 1-043, b = 2-6 imp/sec. 


abruptly together at the threshold and the former has to be raised a little 
before balanced states can be obtained, as exemplified in Fig. 2H, 
especially when a < 1. This means a negative slope in the graph of Fig. 3 
and hence recurrent inhibition is largest at the low frequencies of dis- 
charge. At the upper end recurrent inhibition may approach saturation 
before F, has reached its maximum value and so the slope will be changed 
because now F, = F and recurrent inhibition is gone. It was never sup- 
planted by recurrent excitation. With some spikes the curves for F; against 
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F, (equation (1)) have flattened out at the upper limiting values. Repeti- 
tion of long-lasting afferent stimulation at the maximum stimulus strengths 
is likely to undermine reliability (see below), 

In Fig. 5 the results with 33 fibres are summarized. The peak of the 
minimum values for F, is between 6 and 10 imp/sec. F, min. should, of 
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Fig. 5. Histograms showing distributions, for 33 fibres, of the various quantities 
indicated: class intervals correspond to the intervals marked on abscissae. 


course, be taken to refer to the threshold for a maintained discharge and 
hot to the phasic burst by which many fibres respond to very weak stimuli. 
The maximum is spread over a considerable range with a broad peak 
between 13 and 25 imp/sec. The average range (F,max.—F,min.) is 
_ imp/sec. The other two distribution curves show (a—1)/a and b/a. In 
the present material a averaged out at about unity (1-04), so that the 
average difference between F, and F; would be largely determined by the 
average value of b, which was 2-6 imp/sec. The average curve based on 
21 | | PHYSIO. CLIV 


316 R. GRANIT, J. HAASE AND L. T. RUTLEDGE 


these values is plotted in Fig. 4 as H. While this may serve as a descriptive 
landmark for the present data—a selection based on spikes that actually 
could be made to vary in F,—it cannot at the moment be used as repre- 
sentative mean (cf. below). The really significant finding is not the average 
curve but the facts that (i) the rate of discharge under recurrent inhibition, 
F;, tends to be proportional to the normal or control rate of discharge F, 
when forced to act at that rate; (ii) the slopes in the plot of F, — Fj against 
F, (Fig. 3) vary as much as they do and (iii) some of the curves for F, — F; 
as a function of F, even slope downwards (when a < 1 or (a—1)/a is 
negative) so as to approach a minimum fF, = F; which corresponds to 
b/(1—a), as seen from equation (1). The variations in slope of F, — F; repre- 
sent gradations of recurrent inhibition which we do not yet fully under- 
stand. However, being reasonably well defined by the use of a simple 
formula, they are easily reproducible under various — and so, in 
the end, must become explicable. 


T ume factors | 

Several experiments were devoted to investigating the possible signifi- 
cance of the moment of onset of recurrent inhibition relative to time of 
onset of afferent stimulation. Durations of afferent stimulation up to 
300 sec were used, the durations of afferent stimulation in the standard 
experiments having been kept within 30-60sec. During maintained 
iterative stimulation of the afferent nerves the spike frequency slowly 
declined, even though temporarily raised a little by the rebound after 
each inserted period of antidromic stimulation. Post-tetanic potentiation 


will increase during the first 10 sec (Lloyd, 1949; Curtis & Eccles, 1960). 


and a steady state wéuld therefore have to be tested after a minimum of 
10 sec of afferent stimulation. This also was our minimum time and most 
tests actually fell between 20 and 30 sec after onset of afferent tetanization. 
At stimulus rate 114/sec potentiation of individual cells would be modest 
(Curtis & Eccles, 1960). In many, perhaps in most, cases the temporal 
variation of the value of F, was a simple consequence of the change of 
F, and when this was so all observations fitted on to the same straight 
line for F', against F, in our plot of equation (1). With longer durations of 
stimulation a real change commonly took place in the sense that recurrent 
inhibition increased in potency. This is illustrated with a characteristic 
example in Fig. 6, fully explained in its legend. After some 30 sec of 
afferent stimulation the genuine increase of recurrent inhibition would 
become measurable; when present. The opposite effect that recurrent 


inhibition was stronger wei than late in afferent stimulation was rarely 
encountered. 
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Supraspinal control 


This is too large a subject to be broached in the present work but, on 
the other hand, it is too important for an interpretation to be wholly left: 


- out. The method of approach elaborated in the previous sections is useful 


in studying supraspinal control because a check of the whole curve in the 
plot of Fig. 2 before and during supraspinal stimulation provides a more 
reliable criterion than individual values can give. 
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Fig. 6. Plot as in Fig. 2 for two periods of locking antidromic shock to spike at 
moments 30 sec (©) and 60 sec (@) after start of afferent stimulation. Co-ordinates 
scaled in impulses/sec. 


Thus in Fig. 7, after some hours of experimentation, a spike was located 
which was but feebly influenced by recurrent inhibition, as is shown by 
curve B in comparison with curve A, which is the 45° line from zero for 


absence of effect or F, = F;. This spike could be made to respond by 


increased inhibition to antidromic stimulation when the brain was stimu- 


lated from Horsley-Clarke co-ordinates P6, H2, 1mm contralateral to 


the mid line, as well as from the pyramid at the bottom. The order in which 


the stimulation periods followed is marked in the figure and it is seen that 


the effect was progressive from C to D. The underlined points were taken 
without simultaneous central stimulation, but apparently the change was 


slow enough to persist in the absence of such stimulation, which in these 


types of experiment was inserted together with brief periods of antidromic 
stimulation while afferent tetanization was maintained. 


21-2 


| 
of 
of 
ld 


318 R. GRANIT, J. HAASH AND L.T. RUTLEDGE 


The main difficulty in evaluating findings of the kind shown in Fig. 7 is 
clearly that the change may depend upon loss of surplus excitation, but 
when the readings fell so well on a line as did the early ones, marked C, this 
error does not appear likely. However, no such criticism can be directed 
against the opposite suppressive effect of supraspinal stimulation, illu- 
strated in Fig. 8. The open circles refer to averaged readings taken before 
and after a period of stimulation of the cerebellar point shown in the figure, 


25 30 35 

Fig. 7. Plot as in Fig. 2. All data from one fibre. A: to show graph for F, = F;. 
B: initial control for fibre drawn to fit F, = 1:22 F,;,—2-8. C and D successive 
periods of lower frontal portion of anterior lobe of cerebellum at Horsley-Clarke 
co-ordinates P 6, H 2 just contralateral to mid line at frequency 300/sec and 9-0 V; 
coaxial electrode, insulated tip referred to its shield. Order of observations marked 
on graph ; underlined numerals are observations without stimulation of cerebellum. 
Curve C drawn to F, = 1:39 F; —2-8, Dto F, = 1-58 F, —2°8. 


the filled circles to readings taken during such stimulation. The difference 
in slope is not significant but the constant b is shifted from 8-2 to 4-0 imp/sec 
during stimulation of the inhibitory region. With a slope of the order of 
1-0 this means that at each frequency the effect of recurrent inhibition, 
_F,—F;, has been diminished by roughly 4 imp/sec owing to co-stimulation 
of the brain stem. 

It is therefore clear that by our index there are neural or (possibly) 
hormonal governors of the Renshaw cells and so averaging of our data can 
only be of interest for the sake of surveying them conveniently and not of 
disclosing any meaning in them that would be lost among individual 
variations. At the moment we are engaged in studying supraspinal effects 
by recording from Renshaw cells. Koizumi, Ushiyama & Brooks (1959), 
using this approach, found spontaneously active cells, which they held to 
be Renshaw cells, to be inhibited by stimulation of the reticular formation. 
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More experience by this and the present method is needed to ascertain 
whether or not Renshaw cells and thus recurrent inhibition are controlled 
merely indirectly by variations in type, number or discharge rate of their 
motoneurones, or directly as are so many other internuncial cells. Our 
results suggest the latter alternative. Holmqvist & Lundberg (1959) did 
not find any evidence of supraspinal control of Renshaw cells by mono- 
synaptic testing but their curves do differ for spinal and decerebrate cats. 
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Fig. 8. Afferent stimulation maintained for 50 sec during which time antidromic 
shock was locked to discharging spike for brief intervals only, as tests. Values from 
such tests were averaged over four consecutive 10 sec periods from control runs (O) 
before and after one series during stimulation (@) of the point in the frontal part of 
the anterior cerebellum illustrated as inset. This well isolated spike had an exception- 
ally high initial frequency of discharge of around 40/sec, falling during maintained 
afferent stimulation to values between 20 and 25 imp/sec. The point stimulated 
proved to be in the anterior lobe of the cerebellum (electrocoagulated) as shown by 
inset where it is marked by pointer. Stimulus frequency during experiment was 
300/sec, strength 0-45 V through tip of thin coated needle against ground, On 
increasing stimulus strength the discharging spike itself was ultimately inhibited. 
The difference between constants a is not significant (1-07 and 1-03) but the constant 
6 is 8-2 in the control (O) and only 4-0 (@) during stimulation. Co-ordinates scaled 
in impulses/sec. 


Frequency limitation 


We recall from the previous paper (Granit & Rutledge, 1960) that Fh is 
a function of the depolarizing pressure, defined as (Paep + Ppoi), the latter 
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0:5 sec 
Fig. 9. Records showing maximum frequency obtainable by afferent stimulation of 
gastrocnemius nerves (1) and same when in addition fore part of body was squeezed, 
twice repeated (2, 3). Antidromic stimulation locked to discharging spike in all 
cases between a and 6 as controls. 


factor including all ‘natural’ inhibitions (ortho- as well as antidromic ones) 
and also after-hyperpolarization. It would be easier to measure J, as a 
function of depolarizing pressure if these inhibitions, undesirable here, 
were absent or could be kept constant. Barron & Matthews (1938) tried 
to avoid them by stimulating motoneurones from outside. The only figures 
they publish (one motoneurone) suggest that F, is directly proportional 
to net depolarizing current (= depol. pressure). Pascoe (1957) and M.G. F. 
Fuortes and K. Frank (personal communication) have stimulated cat moto- 
neurones from the inside, using the bridge technique of Araki & Otani 
(1955). They confirmed the old findings, Fuortes & Frank in particular 


stating explicitly that ‘five normal-appearing motor horn cells gave the 
following slopes: 4, 5, 6-2 and 13-6 imp/sec/myA’ and that many cells went 
up to rates of 100 imp/sec along straight lines. Thus, if depolarizing pres- 
sure is allowed to rise, /, rises in strict proportion, how far dependihg upon 
the cell and thus upon a factor of selection. 


With stimulation across synapses there is an eiuawh amount of Ppoi 


from inhibition and therefore we have to write 


= const x (Pit 


(3) 


From this follows directly that there are two fundamentally different 
possibilities for limitation of frequency of discharge: (i) F, itself may be 
limited and the cell may therefore fail to respond to progressively increasing 
depolarizing pressures, or (ii) the depolarizing pressure may be the regulated 


quantity. For both alternatives we are free to hypothesize mechanisms 


Discussion). 
Our results uniformly show that the controlled quantity is the de- 
polarizing pressure but they cannot wholly exclude alternative (i). Thus 
the experiment of Fig. 9 is a simple but instructive case presenting a 
motoneurone whose F, could not be raised beyond 20-22 imp/sec by 
stimulation of muscular afferents (record 1) while to stimulation by | 
manipulation of forelimbs and their skin it fired (in 2 arid 3) at rates of 
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30-34 imp/sec. Clearly, therefore, the depolarizing pressure was limited for 
the muscular afferents only (representing one particular combination of 
excitation and inhibition). The discharge mechanism itself was perfectly 
capable of raising F, in response to a rise of depolarizing pressure. 

As all experiments in this work were run from F,min. to Fymax., they 
can all be reconsidered here from the point of view of frequency limitation. 
Since recurrent inhibition is a controlled event it may well be governed so 
as to become the limiting factor in many cases. This is a different proposi- 
tion, however : in the present work, we have to keep within the precincts of 
our own measurements and from them some general conclusions emerge 
which are of interest for the general problem of stabilization. 

Thus, when a = 1 and recurrent inhibition is independent of F,, being 
equal to b, it is immediately clear that recurrent inhibition cannot have 
been the decisive limiting influence. Within the range from F,min. to 
F,max. depolarizing pressure has risen and the effect of the rise is stopped 
by the sum total of restricting factors (see p. 314). 

When a > 1 the effect of recurrent inhibition increases with Fh, i.e. 
depolarizing pressure, but there is nothing to suggest that this process 
could not have gone on beyond the actual maximum F, obtained, had it 
been possible to increase depolarizing pressure from the muscular afferents. 
In both these cases natural recurrent inhibition may be assumed to have 
added its contribution to frequency limitation, but it has not by itself had 
a decisive influence on determining F,max. 

However, when a is a good deal below unity, the slope of the curves for 
F, —F; against F, is negative and this means that recurrent inhibition is 
at its best at low rates of firing of the motoneurone. It thereafter approaches 
a limit F, = F;, as F, increases. The limit is defined from equation 1 as 
b/(1—a). In such cases, if this value agrees with the maximum F, obtained 
for the same motoneurone, recurrent inhibition may well have been the 
decisive limiting factor. On this interpretation F, approached F; because 
‘natural’ and experimental recurrent inhibition together set a limit for 
F,. In this case F, max must not exceed the calculated limit Fy, = Fi, 
given by b/(1—a). Results comparing calculated and observed values of 
F, max. for 8 fibres are tabulated in Table 1. 

Table I shows that the upper limit of F, may well have been determined 
in these cases by recurrent inhibition. Incidentally it throws doubt on the 
view that the recurrent excitation of Wilson (1959) and Wilson, Talbot & 
Diecke (1959, 1960) is much of a complication in our type of experiment, — 
as there is no obvious reason why in its presence F, should be limited to 
the low values obtained and, moreover, to the very values required by 
recurrent inhibition as a major limiting factor. One would expect to 
observe the recurrent excitation occasionally in the experiments, if it were 
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a really important mechanism in extensors, in particular in the region of 
F, max. As a matter of fact one either finds inhibition with rebound or no 
effect whatsoever. The relation to rebound was dealt with in the preceding 
paper (Granit & Rutledge, 1960). 

Stabilization of rate of firing should also be considered from the point of 
view of how motoneurone discharges are limited downwards. This at least 
is a situation that should give ample play for recurrent inhibition, if for 
no other reason because excitatory drive is reduced and with it the resistance 
of the motoneurone to the inhibitory barrage from the Renshaw cells 
(Granit & Rutledge, 1960). In fact, when firing at slow rates is a desi- 
- deratum, as in the slow soleus, it can only be obtained if heavy afferent 
projections antagonize recurrent inhibition or else, at these slow rates, there 
would not be enough surplus excitation to counteract recurrent inhibition. 


TABLE 
F, max. 
Frequency 
range (a—1)/a Observed Calculated 
7 — 0-43 13 12 
9 — 0-22 17 19 
10 —0-41 18 20 
10 — 0-50 29 35 
11 — 0-22 21 24 
7 — 0°57 13 13 
4* — 0-23 10 1] 


In the present experiments cells were commonly encountered among the 
triceps motoneurones which it proved possible to drive at slower rates 
with recurrent inhibition than without it. No doubt rebound also aids in 
stabilizing of the rhythm at these low frequencies. Now Granit, Pascoe 
et.al, (1957) found that the small tonic « motoneurones of Granit, Henatsch 
& Steg (1956) were especially well provided with recurrent inhibition. The 
cells wholly lacking it tended to be found among the phasic motoneurones, 
though many of these also possess this mechanism. Since the y spindle 
control is so strong on the small tonic motoneurones, Granit, Pascoe et al. 
(1957) drew the same conclusion as we now have arrived at from other 
points of view, namely that slow steady rates of discharge require good drive 
and strong recurrent inhibition. Eccles, Eccles & Lundberg (1957) next 
proved by the intracellular method that the soleus motoneurones, as the 
typical representatives of the small « cells, had excitatory projections from 
the large spindle afferents some 25% stronger than had the phasic alphas. 
Finally Kuno (1959) and R. M. Eccles, A. Iggo and M. Ito (personal com- 
munication) have confirmed by testing different types of motoneurones 
that recurrent inhibition is particularly strong on soleus motoneurones 
compared, for example, with gastrocnemius neurones. 
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This series of interconnected experiments and deductions give recurrent 
inhibition a definite role as stabilizer of the slow rhythm of the stretch- 
sensitive tonic « motoneurones and thereby also serve to characterize the 
latter functionally defined system by properties other than size of efferent 
fibres (Granit et al. 1956, Eccles et al. 1957, 1958; Granit, Phillips e¢ al. 
1957; Henneman, 1957), sensitivity to post-tetanic potentiation (Granit 
et al. 1956) and after-hyperpolarizations of long duration (Eccles et al. 1958) 
It is known that soleus motoneurones can be stabilized at rates as low 
as 5 or 6/sec (Denny-Brown, 1929; Granit, 1958, fig. 1). To prevent 
misunderstanding it should be noted that by electrical stimulation, as 
in this work, or by activating the muscle spindles with succinylcholine 
(Granit, Skoglund & Thesleff, 1953) « motoneurones can be made to 
discharge tonically which normally do not do so (Henatsch & Schulte, 
1958). 

In several animals we have encountered the combination of heavy 
stabilization with failure of recurrent inhibition. Some but not all of them 
might be called unsuccessful preparations. Considéring that the Renshaw 


cells are controlled, excessive stabilization may be-one aspect of the activity 


of such governors and so, practically speaking, discharge frequency might — 
become an invariant. On the other hand, as we shall see (cf. Discussion), | 
many factors may contribute to stabilization, and with regard to recurrent 
inhibition itself it is not always possible to decide in individual cases whether 
it fails to appear because the mechanism is over-engaged or because it is 
feeble. At the moment we do not know why in some preparations excessive 
stabilization occurs, in the sense that the range FP, max.—F, min. is 
compressed to a few impulses per second. 


DISCUSSION 


The main finding of this work is that recurrent inhibition is proportional 
to discharge frequency, which in its turn is proportional to depolarizing 
pressure (cf. p. 322). This being so, the efficacy of recurrent inhibition, 
defined as F,—F;, will depend not only upon the number of overlapping » 
Golgi recurrent collaterals and Renshaw cells taking part in regulating the 
discharge of any one motoneurone but also upon the extent to which one 
motoneurone differs from another in respect of the constant of equation 3. 
Fuortes & Frank (cf. p. 320) found this constant to vary from 4 to 13-6 imp/ 
sec/muA. To understand what this means, assume that we have isolated 
two motoneurones both of which discharge to afferent stimulation at 
identical rates, F,. Assume further that in the two cases recurrent inhibi- 
tion as such produces exactly identical repolarizing currents j gst In 
terms of discharge frequencies the effects of recurrent inhibition (7) will 
then have to be in the ratio of 4 to 13-6 for the two motoneurones. By the 
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present technique we cannot measure this factor, but only suspect that 
it is of major importance inasmuch as small constants are likely to be 
found in tonic slowly-discharging cells and large ones in cells that are 
firing rapidly. However, fundamentally this prediction is verifiable by 
experimentation. 

At the moment it is well to realize that terms such as ‘strong’ or ‘weak’ 
recurrent inhibition can only apply to one and the same motoneurone in 
different states, since no absolute measure is available. Clarification of this 
point, however, is merely a matter of further experimentation. 

An interesting parallel may be drawn with the results of Hartline & 
Ratliff (1956) obtained with Hartline’s (1949) lateral inhibition in the eye 
of the horseshoe crab, Limulus. This process was found to be proportional 
to discharge frequency, implying that if one ommatidium A is steadily 
illuminated to deliver a constant rate of firing (F,) from its eccentric cell, 
the illumination of a nearby ommatidium B will inhibit that discharge to 
F; in strict proportion to the rate F, at which B is made to discharge. 
- There are no internuncial cells in Limulus, the contacts are held to be 
axo-axonic (H. W. Miller, personal communication), and the individual 
factors can be better isolated than in our case where the effect is competing 
with ‘natural’ recurrent inhibition for the output from the Renshaw cells. 


Nevertheless, the fact that the linear frequency rule is so well obeyed in our 


case also must reflect some basic similarity. It is clear that the degree to 
which the Renshaw cells are controlled from above and the circumstances 
in which they are switched on and off are important data, and that without 
this information it would be unwise to carry interpretation too far. At the 
moment the greatest difficulty in the way of a uniform explanation of the 
results of measuring F, —F; as a function of F, is that some curves have 
negative slopes. We would at the moment interpret such variations of slope 
by assuming different degrees of competition on the part of natural 
recurrent inhibition rather than by ascribing them to complications from 
recurrent excitation, as discussed in the previous section. 3 
With regard to ‘stabilization’ or frequency limitation, either term is little 
more than a collective name for the integrated effect of several processes 
engaged in the regulation of the depolarizing pressure. Without further 
discussion of details we would like to mention (A), anatomical limitation 
of afferent terminals, (B), afferent inhibition, (C) recurrent inhibition, con- 
sidered above in the Séction of stabilization and hardly deserving a 
lengthier discussion before further data on regulation and control of the 
Renshaw cells have become available. (D) Desensitizing to repetitive 
stimulation by the postulated transmitter (see e.g. Thesleff, 1959) should 
be considered but does not seem important in our case with cells firing for 


many minutes at slow rates, and should more likely be considered with 
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' pressure would be needed to maintain any given frequency of discharge. 
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alternative (i) of the preceding section (see also below). (#) After-hyper- 
polarization was noted by Brock, Coombs & Eccles (1953) and especially 
discussed by Eccles et al. (1958). The idea that after-hyperpolarization sets 
the upper limit of frequency of discharge finds its strongest support in the 
fact disclosed by the latter authors, namely that the slowly firing soleus 
motoneurones have especially long after-potentials. On the other hand, 
it is perfectly clear that after-hyperpolarizations can be overcome by 
sufficient depolarizing pressure, or else the results with direct electrical 
stimulation of motoneurones could never have been obtained. Also, large 
a motoneurones and small y motoneurones (J. C. Eccles, R. M. Eccles, 
A. Iggo and A. Lundberg, personal communication) have after-potentials of 
the same order (70 msec). Yet the latter can fire at 10 times faster rates 
than the former. Finally, after-hyperpolarization is generally measured 
within the soma, whereas the firing region equally generally is held to be 
the area between axon hillock and medullated portion of the motoneurone 
(Araki & Otani, 1955; Coombs, Curtis & Eccles, 1957a, b; Fuortes, Frank 


_ & Becker, 1957). After-hyperpolarization is considerably shorter for the 


spike that arises in this segment (Brock et al. 1953). We are convinced 
that after-hyperpolarization alongside with other factors decisively con- 
tributes to frequency limitation (upwards), but would think factors B: 
and C (above) more important. However, the slowly firing soleus moto- 
neurones must make use of the added effects of recurrent inhibition and 


_ after-hyperpolarization suggesting that for extreme degrees of stabilization 


this combination, as again R. M. Eccles, A. Iggo and M. Ito (personal com- 
munication) have found, is likely to be of dominating importance. Perhaps, 


indeed, recurrent inhibition stabilizes only inasmuch as it co-operates with 


after-hyperpolarization. 

While the factors hitherto enumerated belong to the governors of 
depolarizing pressure, the alternative ((i) in preceding Section), that Fy 
itself could be cut in range in spite of increasing depolarizing pressure, 
might be realized by accommodation. Pascoe. (1957) and Frank & 
Fuortes (1960) in their experiments on stimulation of motoneurones 
from the inside found the discharge to undergo some accommodation 
leading to lower rates of firing during maintained stimulation. We 
have seen the same effect regularly in the present work, though in our 
ease the slow decrease of discharge frequency could also be otherwise 
explained. Now Araki & Otani (1959) have reported that, with intra- 
cellular electrodes in the motoneurones of toads, the firing region around 
the axon hillock accommodates considerably faster than the soma. If this 
were so in the cat also, the consequence would be that more depolarizing 


Thus, in this case, F, would be cut and not depolarizing —— In 
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terms of our measurements this would mean that recurrent inhibition, 
removing a constant fraction P’,,, of the depolarizing pressure, would have 
a stronger effect later in the discharge than in the beginning. This finding 
was actually fairly regular and it was illustrated in Fig. 8. In many 
neurones this effect of stimulus duration would be late in appearance or 
absent but in some it could be seen within the first 30sec of afferent 
stimulation. : 

‘Stabilization’ as a biological concept in relation to discharge rate of 
motoneurones may seem complex, but it is in the nature of this concept to 
be tied up with the influences that occur as components of the general 
problem of regulation in its widest sense and so it must always reflect their 
integrated complexity. It is perhaps better supplanted as a term by 
‘frequency-limitation’, as this would avoid unjustified electronic analogies. 
Can such a complex concept serve as a useful entity deserving experimenta- 
tion on its own account? The best case that can be made out for a positive 
answer is the existence of strong recurrent control and long-lasting after- 
hyperpolarizations in the small tonic « neurones, which for theoretical 
reasons were assumed to be highly stabilized and actually proved to be so 
by experimentation, as discussed in this and the previous Section. 


SUMMARY 


1. Tetanization of gastrocnemius afferents at rate 114/sec at varying 
strengths was used to set up a tonic reflex discharge from extensor moto- 
neurones, isolated in root filaments. Selecting motoneurones that were 
capable of varying in discharge rate, the firing spike was made to trigger 
an antidromic shock to the rest of the root, and thus recurrent sahibstion 
could be studied as a function of frequency of firing. 

2. The discharge rate under recurrent inhibition was found to be related 
linearly to the average rates of discharge in the controls just before and 
after antidromic stimulation. 

3. The constants of the linear curves were determined for 33 moto- 
neurones varying in range of frequency by more than 6 imp/sec. — 

4. These constants could be modified by supraspinal stimuli. 

5. The effect of recurrent inhibition tended to increase as a function of 
duration of maintained afferent stimulation. 

6. Maximum and minimum maintained rates of discharge were deter- 
mined for the 33 motoneurones and the factors responsible for ‘frequency 
limitation’ discussed on the basis of the data obtained. 


This work has been supported by eons from the Swedish Medical Research Council and _ 


the Rockefeller Foundation. 
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Shivering can be produced by the return of cold blood from the limbs 
(Sherrington, 1923-4; Uprus, Gaylor & Carmichael, 1935; Glaser & Holmes- 
Jones, 1951) but observations that it can be produced by surface cooling 
alone (Jung, Doupe & Carmichael, 1937; Davis & Mayer, 1955; Good & 
Sellers, 1957; Spurr, Hutt & Horvath, 1957) suggested that. deep cooling 
might be of little importance in practice. However, it has been reported 
(Keatinge, 1960a) that although the rate at which men’s rectal temperatures 
fell in water at 15° C was closely related to their subcutaneous-fat thickness, 
their early metabolic response to the cold immersion Was not, and the meta- 
bolic rates of thin men only rose substantially above those of the fat men 
during the later part of immersions, when the thin men’s rectal tempera- 
tures fell. The present studies of fat and thin men in a steady state of heat 
exchange in water were designed partly to confirm or refute this evidence 
that stimulation of deep temperature receptors plays a major part in 
adjusting the metabolic rates of fat and thin men to their different rates 
of heat loss during prolonged exposures to cold. They were also designed 
to show whether fat and thin men have different critical ambient tempera- 
tures, at which physical temperature regulation is complete and below 
which the metabolic rate is increased (Rubner, 1902; Burton & Bazett, 
1936; Scholander, Hock, Walters, Johnson & Irving, 1950). 

It was hoped that these experiments would also show whether cold 
vasodilatation substantially reduced the tissue insulation of fat men in 
near-freezing water. This seemed probable, as cold vasodilatation takes 
place eventually in cold extremities of even generally chilled people 
(Keatinge, 1957) and appears to be due largely to the direct effect of low 
temperatures on blood vessels (Keatinge, 1958). Physical exertion ac- 
celerates the fall in the rectal temperature of thin men in water at 16° C 
(Pugh & Edholm, 1955) and in water at 5 and 15° but not at 25 or 35° C 
(Keatinge, 1959) and shivering may cause a fall in the total body insulation 
_ (Burton & Bazett, 1936; Carlson, Hsieh, Fullington & Elsner, 1958). It 
was hoped that the present experiments would provide information about 
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the effect of shivering on the tissue insulation of fat and thin men, and 
additional experiments were made to determine whether work assisted the 
maintenance of the body temperature of either fat or thin men in water 
just too cold for them to maintain thermal stability nin still, since this 
question is of practical importance. 

A preliminary communication (Keatinge, 19606) of some of these and of 
some earlier results has been made already. 


METHODS 


The subjects were eight healthy naval ratings aged between 17 and 21, none of whom had 
recently been exposed to an unusual degree of cold. They were volunteers and were selected 
to include both fat and thin men. On arrival each was given a medical examination, his 
height and weight was determined, and his skin-fold thicknesses measured with Harpenden 
callipers at four sites (Keatinge, 1959). Each man was repeatedly immersed over a 
period of one week in water at temperatures ranging from 38° C down. The food intake 
was not restricted before immersions. The immersions at 38, 36 and 34°C, which were 
made first, were ‘crossed over’ as far as possible, but those at lower temperatures were not. 
Six of the eight men were immersed in water at 38° C until their temperatures had become 
stabilized, but the other two subjects, 3 and 7, became so uncomfortable that they had to be 
allowed out before this, so that no values for insulation of these two men at this temperature 
could ‘be calculated. Subjects 2 and 3 were unwilling to go into water colder than 28° C but 
the six others were all immersed at progressively lower temperatures, until a water tem- 
perature was found at which their temperatures were still falling steadily after 24 hr in the 
water, or at an accelerating rate at the end of somewhat shorter immersions. Five of these 
men were immersed again at this last temperature and were told to work as hard as possible 
on this occasion. The experiments were made during October, November and December. 
The immersions were performed in an indoor tank, 8 x 4x 4 ft. (3-6 m*). The subject 
sat in the tank on a slatted wooden seat wearing only a pair of very brief bathing trunks and 
a large fleece-lined helmet which covered much of the face and the whole of the rest of the 
head. The water just covered his shoulders and was vigorously stirred by a mechanical 
device; the temperature of the immersed skin has been shown to be within about 1° C of 
water temperature under these conditions, even in water as cold as 5° C, within 20 min after 
immersion (Keatinge, 1959). The water was maintained within 0-1°C of the required 
temperature by electrical heating or refrigeration, and the room temperature was main- 
tained by electrical heating at 25+1°C. In the few ‘working’ experiments the work con- 
sisted of a rowing movement, with the subject on a sliding seat in the water and with his feet 
attached to the end wail of the tank. This tank and accessory apparatus has been described 
in detail (Keatinge, 1959). 


tubing inserted 11 cm from the anus. The cold junction was in a vacuum flask of ice and 
water, and the e.m.f. was measured by a potentiometer. Readings were accurate to the 
nearest 0-05° C. Stability of the rectal temperature was defined arbitrarily as the absence 
of a change greater than 0-1° C during any period of 30 min starting at least 30 min after 
the man was immersed. A change of 0-05° C or less in 15 min was, however, accepted in some 
immersions at the lowest temperatures, if the subject was very anxious to leave the water. 
The collection of expired air for determination of the metabolic rate was restarted repeatedly 
until the rectal temperature was found to have been ‘stable’ throughout the period of 
collection. 

During metabolic-rate determinations the subject was fitted with a mouth-piece and nose- 
clip. The men wore these for 10-20 min before the first immersion, to get used to them. The 


Rectal temperature was measured by a thermojunction enclosed in semi-rigid plastic — 
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inspired air was led to the subject from outside the building through a copper duct which 
warmed it to room temperature. The expired air was led from the subject through a Max- 
Planck Institute Respirometer which measured its volume, and the oxygen deficit of the 
gas was analysed by an automatic analyser (Hartmann und Braun, Frankfurt-am-Main). The 
metabolic rate was then calculated by the method of Weir (1949) from the volume of expired 
air corrected to s.t.p. and its oxygen deficit. | 

Tissue insulation is expressed as the reciprocal of the kilocalories dissipated per square 
meter of immersed skin per degree centigrade temperature gradient between the rectum and 
the water. This was generally calculated when the men were in a steady state of heat ex- 
change, assuming the rate of heat loss to be the metabolic rate minus the heat loss due to 
evaporation and warming of the inspired air from room temperature to body temperature. 
This air was drawn from outside the room. The outside day temperature was always between 
0 and 10° C and the humidity 85-100 % during the period of the experiments. The air was 
found to be warmed to 25+ 1° C when inspired. In calculating the respiratory heat loss, the 
air was assumed to be 90% saturated with water vapour at 5° C when drawn from outside, 
to be at 25° C when inspired by the subject and to be almost saturated with water vapour at 
37° C when expired (Christie & Loumis, 1932). The errors introduced into the calculated 
body insulation by making these assumptions are unlikely to have exceeded + 2%. The total 
surface area of the men was obtained from their height and weight by the nomogram of 
Hawk, Oser & Summerson (1947). Since the head represents approximately 6-6% of the 
surface area of men (Sawyer, Stone & Dubois, 1916) the area of the men’s skin immersed in 
the water was taken as 93-4 % of the total skin area. Heat loss from the head, which was 
covered by a fleece-lined helmet, was assumed to be negligible. In a few experiments at low 
temperatures, in which the men’s temperatures failed to become stabilized, approximate 
values for tissue insulation were calculated. In calculating these allowance was made for 
the loss of stored heat from the deep tissues of the body, assuming these to represent 64% 
of the total mass of the body and to have a specific heat of 0-83 (Burton, 1935), and their fall 
in temperature to he that measured in the rectum. 

In many experiments heat-flow disks (Hatfield, 1949) were stuck by ‘Nobecutane’ 
(Evans) to the dorsum of the terminal phalanx of the right index finger, the middle of the 
flexor surface of the forearm, the skin over the sternum at the level of the 4th intercostal 
space, the abdomen just above the umbilicus, and the dorsum of the right foot. Since 
difficulty was experienced in making the disks stick securely for long periods they were sup- 
ported by loose rubber bands round their bases in the first two positions, and in the others 
were held on by the tips of wooden pointers while readings were taken. 


RESULTS 


Table 1 gives the skin-fold thickness of the subjects together with their 
heights and weights, total surface areas and the surface areas immersed. 
during the experiments..The subjects are numbered in the order of their 
skin-fold thicknesses. The first four had similar mean skin-fold thicknesses, 
between 6-5 and 8-5 mm, while subjects 7 and 8 who appeared obese had 
mean skin-fold thicknesses of 26-7 and 26-8 mm. 

Figure 1 shows the metabolic rate of each subject when his body tem- 
perature had become stabilized in water at different temperatures. The 
metabolic rate of every man began to increase when the temperature of the 
water was lowered below about 33° C, but the rise was much steeper with 
the thin than with the fat men, whose metabolic rates rose steeply only in 
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water below 12° C. The figure also shows that the men’s metabolic rates 


rose when the water temperature was increased above 34° C. 


TaBLE 1. The heights, weights, skin-fold thicknesses, surface areas and immersed surface 
areas of the men (Subjects numbered in order of their mean skin-fold thicknesses. ) 


Skin-fold thickness (mm) — Total 
sur- Surface 

A face area 

Sub- Height Weight Sub- Sub- area immersed 
ject (cm) (kg) Biceps scapular Abdomen costal Mean (m*) = (m?*) 
| 173 69 4-1 71 7:8 7:2 6-5 1-82 1-70 
2 162-5 545 31 8-2 8-6 7:0 6-7 1-58 1-48 
3 171 645 35 £98 78 70 1:76 1°64 
4 187 79 3-4 10-2 11-9 8-4 8-5 2-04 1-91 
5 170-5 75 4-4 14-0 13-4 13:15 11:2 1-87 1-75 
6 168 69 4-9 13-5 18-9 1°78 1-66 
7 175 89 9-3 35-4 31-1 30-9 26-7 2-05 1-92 
8 170 89 10:5 35-3 28-7 32-9 268 2-00 1-87 


Metabolic rate (k cal/min) 


Bath temperature (°C) 


Fig. 1. The effect of the bath temperature on the metabolic rate of fat and thin men 
in a steady state of heat exchange. Subjects numbered sittin to fat thickness _ 
(higher numbers = fatter men) 


Figure 2 shows the total body insulation of each subject at various water 
temperatures. It was at a minimum at the highest temperatures, and this 
minimum insulation was about the same for all the men, being as low in 
fat as in thin men. As the water temperature was lowered the insulation 
rose to a maximal value which was much higher in fat men than in thin 
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men, and was reached at a lower water temperature with fat than thin men. 
With a further fall in water temperature the insulation fell. This decrease 
in insulation from the maximal values was of about the same size in all 
except the two fattest men, whose insulation fell sharply in water below 


“Insulation (1/k cal/m?/min/°C) 


38 30 or 38 30 22 14 6 
Bath temperature (°C) 


Fig. 2 2. Total body insulation of fat and thin men in a steady state of heat eachisas 
in relation to bath temperature. Symbols and blocks as in Fig. 1. Brackets indicate 
approximate values when temperature failed to become stabilized. 


12° C. Two values are given for subject 8 in water at 8° C; the higher was 
obtained when his temperature was stabilized temporarily after 75-90 min 
in the water, and the lower was an approximate figure calculated after his 
temperature had begun to fall again. 

_ Figure 3 shows that there was an approximately linear relationship 


between bath temperature and stable body temperature in all except the 
22-2 
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fattest men. In the thinner men the slope of the line was generally signi- 
ficantly different from zero when the ¢ test was applied (subject 4, 
P < 0-005; subjects, 1,5 and 6 P < 0-05). The slope of the line was less 
steep for the moderately fat than for the thin men, and the two fattest men 
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7 Bath temperature (°C) 
Fig. 3. Relationship between bath temperature and stable body temperature in fat 
and thin men. Numberin each section indicates the subject, higher numbers = fatter 
men. (©) shows where the experiment had to be terminated before the rectal tem- 

perature had become fully stabilized. 


showed no tendency to a lower body temperature as the bath temperature 
was lowered; the temperature of one of them even tended to be higher at 
the lower bath temperatures. The results from the 38° C immersions were 
excluded from these calculated lines, as this temperature was higher than 
the men’s normal body temperature and their body temperatures were 
forced to rise. 
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Figure 4 gives the rates of heat loss measured by heat-flow disks at 
various sites when the men’s temperatures had become stabilized in water 
at 38, 31-33 and 22° C. These are expressed as thermal conductivity, as 
heat loss related to the temperature gradient between the rectum and the 
bath, in order to facilitate comparisons at different water temperatures. 
A complete set of readings was taken at all these temperatures in only four 
men, two of whom were thin and two moderately fat, and the means of — 
these are connected by a line. In water at 38° C thermal conductivity was 


Finger Forearm Sternum ' Abdomen Foot 
006 
004- 
§ 003 
002 - 
001 
3 
34 26 34 34 


Bath temperature (°C) 


Fig. 4.. Heat loss from five sites in a steady state of heat exchange in water at 
different temperatures. O, two fattest men; @, subjects 1, 4, 5 and 6 (the lines 
connect mean values for these four men). Heat loss shown in cal/em?/min/° C rectal 
—bath temperature gradient. 


high between the rectum and all parts of the body surface, and was some- 
what greater to the finger than to the skin of the trunk. In water at 
31-33° C conductivity to all skin areas was lower, but was much lower to 
the extremities than to the trunk. In water at 22° C heat loss from both 
the finger and foot was negligible, but thermal conductivities to the skin 
over the sternum were as high, and those to the skin of the abdomen almost 
as high, as in water at 31-33° C, while those to the forearm were generally 
higher at 22 than at 31-33°C. Heat loss from the two fattest men was 
_ only recorded in water at 31 and 22°C, when heat loss from their trunk 
tended to be less than in thin men. 

Figure 5 gives the results of an experiment on a fat man (subject 8) 
immersed in water at 5°C for 80min. Between 20 and 70 min after 
immersion his rectal temperature fell slowly but fairly steadily, his meta- 
bolic rate increased steadily, and his visible shivering also increased in 
intensity ; this pattern of change was similar to the changes observed when 
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thin men were immersed in water at 20-25° C. Heat loss fell within 40-50 
min to fairly low steady values from the trunk, forearm and foot, but in the 
finger, after falling rapidly at first, it returned in waves and 79 min after 
immersion reached a level higher than from any other site. When the heat 
loss from the finger rose to high levels the rectal temperature began to fall 
more rapidly. At this time the man started shivering intensely and became 
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Fig. 5. Metabolic rate (©), rectal temperature ( x ) and regional heat loss (units as 
in Fig. 4) in a fat man (subject 8) in water at 5° C. Heat loss from finger 1, fore- 
arm 2, sternum 3, abdomen 4, foot 5. 


very uncomfortable, and the experiment had to be terminated at 82 min. 
Subject 7’s immersion at 5° C followed a similar course, but his finger 
blood flow rose earlier and the experiment had to be terminated at 40 min. 
When subject 8 was immersed at 8-5° C, his temperature became stabilized 
temporarily between 60 and 75 min after immersion, after which there 
was a small but distinct cyclical increase in his finger heat loss. His rectal 
temperature then fell again and did not become stabilized until the experi- 
ment was terminated after a total of 105 min. A similar small increase in 
finger heat loss was observed when subject 7 was.immersed at 10° C, but 
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increases in finger heat loss were not observed in immersions at higher 
temperatures except occasionally, in association with waves of — 
tion throughout the skin of the whole body. 

Table 2 shows the effects of maximal work on the rate of fall of rectal 
temperature in five subjects immersed at water temperatures at which they 
were found to be just unable to stabilize their rectal temperature when 
still. In all cases their temperatures fell more rapidly when they worked 
than when they were still. — 


TaBLe 2. The effect of work on the fall in rectal temperature of fat and thin 
men in water just too cold for them to achieve thermal stability when still 


Duration of periods Fall in deep body 
Bath of immersion over temperature (° C) 
temperature which comparisons r 
Subject (°C) were made (min) Still Working 
1 20 55 1-50 2-25 
4 20 55 0-90 2-10 
6 12 70 1-35 , 1-70 
7 5 | 30 0-40 0-65 
8 5 30 0-00 0-25 
DISCUSSION 
Part played by superficial and deep temperature riceies 
in the metabolic response to cold 


The fact that the thin men’s rectal temperatures, unlike those of the fat 
men, were stabilized at a lower level in cold than in warm water provides 
evidence that stimulation of deep receptors was largely responsible for the 
fact that they had higher metabolic rates than fat men in a steady state of 
heat exchange in cold water at a given temperature. It is known (Spealman 
1946; Carlson, 1954; Keatinge, 1960a) that a change in deep body tem- 
perature greatly alters the metabolic response to cutaneous coid. The 

‘present experiments therefore confirm earlier evidence (Keatinge, 1960a) 
that the adjustment of the metabolic rate of individuals with differing 
thicknesses of subcutaneous fat to their widely differing rates of heat loss 
during prolonged exposure to cold is brought about largely by deep tem- 
perature receptors. Observations that the rectal and mouth temperatures 
of men approaching thermal stability were lower in a cold than a warm room 
were made by Hardy & DuBois (1938) and by Glaser & Newling (1957), 
but the fat thickness of their subjects was not recorded by these 
authors. | 

The metabolic rates of fat as well as of thin men in a steady state of heat 
exchange rose in water below about 33°C, and since the stable rectal 
temperature of the two fattest men was as high in cold as in luke-warm 
water, their relatively small increase in metabolic rate in cold water must 
have been a response to cutaneous cold only. This makes it clear that 
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cutaneous receptors are important in the metabolic response to prolonged 
as well as to brief exposure to cold and are capable of responding for long 
periods at an approximately constant low temperature. In the thin men the 
response to cutaneous cold was clearly reinforced by stimulation of deep 
receptors, and the fact that the metabolic rate of a fat man (Fig. 5) rose 
as his rectal temperature fell in water at 5° C shows that deep temperature 
receptors can be important in raising the metabolic response of fat men, 
too, during long exposure to really low temperatures. 


The concept of ‘critical temperature’ 


Although the fat men increased their metabolic rates in water below 
about 33° C, they did not achieve their maximum tissue insulation until 
the water temperature was much lower. Their increase in metabolic rate 
was therefore unnecessary, in that they could have achieved thermal 
balance by vasoconstriction alone at these temperatures. Rubner (1902) 
and Scholander e¢ al. (1950) have discussed and made use of the concept of 
a critical ambient temperature at which an animal’s maximum tissue 
insulation is achieved, and below which the metabolic rate is increased in 
order to maintain the body temperature. Burton & Bazett (1936) have 
reported detailed results on one man in water which suggested that for 
man, too, there was a critical temperature, 33° C in water for their subject, 
at which he achieved his maximal tissue insulation and below which his 
metabolic rate rose. The fat thickness of this man was not recorded. In 
the present experiments only the thinnest men behaved approximately 
in this way, while for the fat men there was a wide difference between the 
water temperatures at which their metabolic rate increased (about 33° C) 
and at which they achieved their maximum tissue insulation (about 12° C). 
The ambient water temperature below which there is an increase in the 
metabolic rate of men in a steady state of heat exchange, as defined in these 
experiments, and for immersions of 1-3 hr, may be described as the 
‘metabolic threshold temperature’ in water. It appears to be about 33° C 


for both fat and thin young men, at least when they are acclimatized toa — 


temperate environment, and to be determined in such men mainly by 
cutaneous receptors. The lowest water temperature in which a man could 


in theory achieve thermal stability without an increase in metabolic rate | 


may be described as the ‘theoretical critical temperature’ and can be 
calculated approximately for the present subjects from the individual’s 
lowest metabolic rate, his maximum recorded tissue insulation, and his 
rectal temperature in water at 33°C. It was as high as 32° C. in one thin 
man (subject 2) and as-low as 22°C in a fat man (subject 8).- However, 
_ the men would presumably have achieved higher insulations in cold water 
if they had not shivered, so that these calculations of theoretical critical 
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temperature probably give values that are too high, partenmanly 3 in the 
case of the fat men. 

The theoretical critical temperature of the present men in air would 
presumably have been rather lower as a result of the additional insulation 


_ provided by the air. Direct evidence about the existence of a critical 


temperature for naked man in air is somewhat confusing, probably because 
of the difficulty in obtaining a steady state of heat exchange in air. Men 
have been reported to shiver in cold air only when their skin temperature 
falls below about 19° C (Swift, 1932); but Hardy & DuBois (1938) reported 
that during long exposure naked men showed bursts of shivering in air 
below about 26° C, while Hardy & DuBois (1940) reported that naked men 
and women achieved their maximal tissue insulation in still air at 27-29° C. 

The critical temperature of naked man in air has also been reported as 
28° C on the grounds that men preferred to work rather than to keep still 
in air below this temperature (Erikson, Krog, Andersen & Scholander, 


1956); however, this observation may merely indicate that at this ambient 


temperature stimulation of the cutaneous cold receptors was sufficient to 
cause discomfort. Scholander ef al. (1950) accepting the concept of a 
critical temperature for naked man and regarding it as 27—29° C in air, 
considered that this high critical temperature placed man as a tropical 
animal. The present results suggest that if theoretical critical temperature 
is used as a criterion this view is an over-simplification. 


Effective stimulus to the cutaneous thermoreceptors 


Although suggestions, differing in detail, have been made at various 
times that the thermoreceptors of the body might respond to spatial 
temperature gradients i in the tissues rather than to the level of their local 
temperature, Hensel & Zotterman (1951) and Hensel & Witt (1959) have 
shown clearly that the effective stimulus to cold receptors in the tongue 
was a fall in local temperature. They also review evidence which on 
balance makes it likely that other superficial thermoreceptors behave in 
the same way. The present results and those of Keatinge (1960q) fit in well 
with this view: although they do not rule out the possibility that the 
cutaneous cold receptors might be stimulated in part by spatial temperature 
gradients as well as by the level of their absolute temperature, they are 
adequately explained by the hypothesis that both superficial and deep 


teceptors respond principally to the level of their local temperatures, with 


the superficial receptors showing a limited mee of — to pro- 
longed cold. 
Nature of the metabolic response to cold 
There is evidence, recently reviewed by Chatonnet (1959), that the meta- 
bolic response of adult man to cold is largely brought about by muscular 
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contraction, although this is not the case in cold-acclimatized rats (Cottle 
& Carlson, 1956). In the present experiments substantial increases of 
metabolic rate in cold water were accompanied by shivering whose 
intensity corresponded roughly with the size of the increase in metabolic 
rate, and it seems probable that the metabolic response to cold in them 
was very largely brought about by muscular activity. 


Rise in metabolic rate at high temperatures 

The fact that the men’s metabolic rates were higher in water at 38 than 
at 34°C is in keeping with many previous observations that the metabolic 
rate may rise when the body temperature rises (e.g. Houghton, Teague, 
Miller & Yant, 1929). The rise is generally attributed to a higher rate of 
heat production by individual tissues at the higher temperature. Although 
this direct effect of temperature on the tissues must play a part, restlessness 
in the warmer water may also have been important and so also may in- 
creased cardiac work due to cutaneous vasodilatation at the higher 
temperatures. 


Blood flow and subcutaneous fat in regulation of heat loss 

The fact that fat men could reduce their loss of heat more than thin men 
in the cold is also in keeping with earlier reports (Winslow, Herrington & 
Gagge, 1937; Pugh & Edholm, 1955; Baker & Daniels, 1955-6; Carlson 
_ et al, 1958; Keatinge, 1960a). In particular, these experiments confirm the 
large increase reported by Carlson ef al. (1958) in the tissue insulation of fat 
as opposed to thin men as the bath temperature was lowered. The calcula- 
tions of Carlson e¢ al. were based on brief experimental immersions in 
water, which probably accounts for certain differences between their 
results and the steady-state values obtained in the present experiments. 

The minimum tissue insulation of fat and thin men was about the same. 
This observation differs from the report of Winslow et al. (1937) that a fat 
man maintained a higher insulation than a thin man in warm as well as 
cold surroundings, but is consistent with the observation of Miller & Blyth 
(1958) that fat and thin men showed a similar rise in rectal temperature when 
they were exposed to external heat or to exercise. It implies that when the 
fat men were warm they were able virtually to eliminate the insulating 
effect of their fat by a high cutaneous blood flow. The rate of heat loss in 
water at 38°C was as great from the extremities as from the trunk in all 
men in whom it was measured. At water temperatures of about 33° C, 
however, heat loss from the fingers was very low, and vasoconstriction in 
them was presumably almost complete in both fat and thin men. Vaso- 
constriction must, however, have been incomplete elsewhere in the body 
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at this temperature, at least in fat men, since they were able to increase 


their over-all insulation much further at lower water temperatures. 

The over-all tissue insulation of the thin men reached a maximum in 
water not much colder than 33° C and always fell a little when the water 
temperature was lowered further. Similar falls were reported by Burton 
& Bazett (1936) and Carlson e¢ al. (1958) and are attributed to an increased 
muscle blood flow due to shivering. The fact that in the present experi- 
ments thermal conductivity between the rectum and the forearm skin 
was generally higher in water at 22 than at 31-33° C, while thermal con- 
ductivity to the skin of the trunk was generally the same or lower at the 
lower water temperature, suggests that this fall in total insulation was 
largely due to an increased blood flow in limb rather than trunk muscle. 
The thickness of subcutaneous fat is known to be less in the limbs than the 
trunk (Edwards, Hammond, Healey, Tanner & Whitehouse, 1955); and 
Table 1 shows that this was so as regards the arms of the present subjects. 


Cold vasodilatation 


Although the over-all insulations of the two fattest men rose to high 
values as the water temperature was lowered to 12°C, they fell sharply 


_ below this temperature. These falls in tissue insulation below 12° C were 


considerably larger than the falls associated with shivering in the thin men 
at higher temperatures. Since they were associated with a marked and 
cyclical increase in heat elimination from the finger they were presumably 
due mainly to cold vasodilatation. It has been shown previously that cold 
vasodilatation can take place in the fingers of even generally chilled people 
(Keatinge, 1957) and is due largely to the direct effect of low temperatures 
on blood vessels (Keatinge, 1958). The dilatation is not confined to the 
extremities (Clarke, Hellon & Lind, 1958). The present results show that it 
can greatly reduce the insulation of fat men in water below about 12° C 
and they imply that no amount of subcutaneous fat would enable these 
men to survive in near-freezing water for an indefinite period without 
external protection. In this they appear to differ from aquatic arctic 
mammals such as whales and seals, which can certainly survive in near- 
freezing water for long periods. 


Effect of physical exertion on heat loss in cold water 


Work in water at 16°C (Pugh & Edholm, 1955) and at 5 and 15° C 
(Keatinge, 1959) accelerates the fall in rectal temperature of thin men but 
has little effect on that of fat men at these water temperatures or on that 
of thin men in water at 25° C. The present experiments show that when 
either fat or thin men were just unable to stabilize their temperatures when 
sitting still in water, physical exertion always accelerated their falls in 
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temperature. As suggested previously, this effect of exertion is presumably 
due to an increased blood flow in muscle, particularly limb muscle. It 
seems unlikely that physical exertion can ever assist a man to achieve 
thermal stability during prolonged immersion in water. 


SUMMARY 


1. The metabolic rate of both fat and thin young men in heat balance in 
water rose when the bath temperature was lowered below 33° C, although 
the fat men did not achieve their maximal tissue insulation until the water 
temperature was much lower. The commonly used concept of ‘critical 
temperature’ was therefore not valid in the case of the fat men and alter- 
native terms are proposed. 

2. The metabolic rate rose less in fat than in thin men when the bath 
temperature was lowered below 33° C; the stable rectal temperature of the 
thin men was lower in cold than in warm water, while that of the fattest 
men was not. 

3. It is concluded that the fat men’s small metabolic response to cold 
was due to reflexes from the skin, while in the thin men these were rein- 


forced by a fall in deep temperature and stimulation of deep temperature. 


receptors. 

4. The fat men achieved a higher maximal tissue insulation than thin 
men and could stabilize their body temperature in water down to 10-12°C. 
In colder water heat loss from their fingers rose in a cyclical manner, their 
tissue insulation fell by about 50% and their rectal temperatures fell. 

5. Work accelerated the fall in rectal temperature of both fat and thin 
men in water just too cold for them to stabilize their rectal temperature 
when still. | | 


We are indebted to Professor R. A. McCance for his support, to Surgeon Captain F. P. 
Ellis, R.N., and Mr F. E, Smith for making the volunteers available and to the subjects for 
their co-operation. | 
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MAXIMUM ACTIVATION OF THE CONTRACTILE MECHANISM 
IN FROG’S SKELETAL MUSCLE BY POTASSIUM 
DEPOLARIZATION 
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Although there is little doubt that an action potential normally precedes 
and initiates a contraction of skeletal muscle, there is still some question 
as to which of the electrical events associated with the action potential is 
responsible for initiating the contraction. A considerable body of evidence 
indicates that depolarization of the muscle fibre surface is the responsible © 
electrical event (Biedermann, 1896; Kuffler, 1946; Sandow, 1952; Sten- 
Knudsen, 1954, 1960), However, some authors have considered the longi- 
tudinal current which accompanies the action potential and flows through 
the myoplasm parallel to the cell surface as the essential event (Bay, 

Goodall & Szent-Gyorgyi, 1953). 

_ Recently Csapo & Suzuki (1958) have proposed a composite hypothesis. 
While conceding that depolarization is essential, they propose that longi- 
tudinal currents are needed to produce a maximum activation of the con- 
tractile mechanism. They further suggest that the lack of longitudinal 
current could explain the well known observation (Gasser, 1930) that the 
maximum tension of a contracture produced by placing a frog’s sartorius 
muscle in an isotonic KCl solution is always considerably less than the 
maximum tetanic tension of the same muscle. | 

However, there is another possible explanation for the difference in the — 
maximum tensions obtained by the two procedures. Owing to the limited 
duration of the potassium-induced contracture and the dimensions of the 
sartorius muscle, it is possible that each muscle fibre is maximally activated 
when the muscle is placed in an isotonic KCl solution but that the fibres 
at the surface of the muscle are relaxing before those closer to the centre 
have begun to develop tension. This would result in a lowered maximum 
tension of the entire muscle during a potassium-induced contracture. The 
experiments presented below were designed to test the validity of this 
explanation. 


346 G. B. FRANK 


METHODS 


Either the sartorius or the extensor longus digiti IV muscle of the frog, Rana pipiens, was 
used in all experiments. The ext. long. dig. IV, toe muscle, was removed from the frog and 
dissected free from its sheath and surrounding muscles with the aid of a dissecting micro- 
scope. The sartorius was removed from the frog with a portion of the pelvic girdle containing 
the proximal attachment of the muscle. 

The muscles were mounted vertically in a bath which was drained by means of an opening 
at the bottom and filled from above with a syringe. The lower end of the muscle was fixed 
near the bottom of the bath and the upper end was attached by means of a nylon thread to 
the end of a thin brass plate lever approximately 3 in. (76 mm) above the top of the bath. 
The resting tension on the muscle was adjusted to be just sufficient to maintain the muscle 
in a vertical position with fluid in the bath. 

Electrical stimuli were applied to the muscles either by means of two platinum electrodes 
3 mm apart near one end of the muscle, or by two electrodes, one placed at the bottom of 
the bath and the other at the top of the fluid in the bath. In either case the muscle was 
completely immersed in solution during stimulation. Supramaxime] rectangular pulses, 
1—5 msec in duration, were used and the frequency of stimulation was adjusted to obtain 
&@ maximum tetanic response of the muscle (60-120 pulses/sec). 

The tension produced by the muscles was recorded by means of two strain gauges (SP-4 
Type A-7, Baldwin-Lima-Hamilton Gorp.) mounted on each side of the lever near its 
fulcrum. These strain gauges formed two series arms of a Wheatstone bridge. All recordings 
were made with a Grass model P 5 polygraph through a model 5 Pl low-level d.c. preamplifier. 

Potential changes were recorded by placing a toe muscle in a two-compartment bath. 
The compartments were isolated by means of an 8 mm petroleum jelly gap surrounding the 
muscle (see Frank, 1958, Fig. 3). Both compartments contained approximately equal lengths 
of muscle. The potential difference between the lengths of muscle in the two compartments 
was altered by changing the ionic composition of the solution in one of the compartments. 

In a few experiments the sartorius muscle was reduced in size by successive removal of 
muscle fibres from the surface and the response of the muscle to isotonic KCl and tetanic 
stimulation was tested at each stage. The dissections were performed with the aid of u dis- 
secting microscope, care being taken to prevent or minimize damage to muscle fibres remain- 
ing in the bundle. An attempt was made to remove fibres so that the remaining bundle of 
fibres approximated the shape of a cylinder and thereafter to remove fibres uniformly from 


all surfaces of the bundle. Because of the irregular shape of the sartorius muscle, the weight \\ 


was used to measure the size of the bundle of muscle fibres at the various stages. 

The solutions used had the following composition (mm): NaCl, 111-8; KCl, 2-47; CaCl,, 
1-08; NaH{,P0,, 0-087; NaHCO,, 2-38; glucose, 11-1. The isotonic KCl solution contained 
123 mu KOl only or 123 mu KCl+1-03 mu CaCl,. Solutions with various K+ concentrations 
were mado by adiing appropriate am >unts of the isotonic KCl solution to a solution of the 
above composition, except that the NaCl was replaced by an.equimolar quantity of choline 
chloride. Sufficient p-tubocurarine chloride (Burroughs Wellcome) was added to all the 
solutions to make a final concentration of 10-* g/ml. During some of the experiments a gas 
mixture of 0-5 % CO,+99:5% O, was bubbled through the solution. (Solution pH had 
changed from 7:4 to 7-2 after 30 min exposure to this gas mixture.) All experiments were 
conducted at room temperature, 20—24° C. 


RESULTS 


mum tension produced by placing a frog’s sartorius muscle in an isotonic 
KCI solution was considerably less than the maximum tetanic contraction 


As previously reported (Gasser, 1930), it was observed that the maxi- \ 
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of the same muscle. This is illustrated by the upper two tracings in Fig. 1. 
However, when the same comparison was made with the ext. long. dig. 
TV muscle, the maximum tension of the potassium-induced contracture 
was usually 10-20% greater than the maximum tetanic tension of the 
game muscle (Fig. 1, lower tracings). The most obvious difference in these 
two muscles is their size. The diameter of the toe muscle is generally less 
‘than 0-5 mm, whereas the cross-sectional dimensions of the sartorius are 
generally 2-4 mm, by 0-5-1-5 mm. 


T 

40 r 
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Fig. 1. Maximum tetanic contractions (7') and contractures (C) produced by 
isotonic KCl in two muscles of the frog. A single sartorius and single ext. long. 
dig. IV muscle were used to obtain each pair of responses. Each tetanus is pre- 
ceded and followed by a twitch. The step at the start of each contracture is an 
artifact produced by changing the solution in the bath. The dot below each con- 
tracture record indicates the point at which the isotonic KCl was put in the bath. 


The effects of altering the potassium concentration of the test solution 
on the potassium-induced contracture and depolarization in the frog’s toe 
muscle are shown in Fig. 2. The depolarization and tension records were 
taken from separate experiments on two different muscles. As expected, 
both the degree of depolarization and the maximum tension of the con- 
tracture decreased as the potassium concentration of the test solution was 
reduced. However, as the potassium concentration was reduced the dura- 
tion of the contracture was prolonged. It is well known that there is a 
threshold concentration for the potassium-induced contracture (Gasser, 
1930). It is possible that the duration of the contracture in the toe muscle 
is determined both by the duration of the contracture in the individual 
muscle fibres afd by the time needed for the potassium concentration 
surrounding muscle fibres at various depths in the muscle to reach threshold. 
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The effects of diffusion on the duration of the potassium-induced con- 
tracture can be more clearly demonstrated by reducing the size of a 
sartorius muscle by the successive removal of muscle fibres from the 
surface and testing the muscle with isotonic KCl at each stage. When this 
was done, it was found that the maximum tension of the contracture was 
only slightly reduced and that the duration of the contracture remained 
virtually unchanged until the diameter of the remaining bundle of fibres 
was reduced to about 0°5mm. At this stage there was an abrupt decrease 
in both the maximum tension and the duration of the contracture. A further 
reduction in the size of the muscle fibre bundle reduced the maximum 
tension but not the duration of the contracture. 


15 
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Fig. 2. Contractures and depolarizations of the ext. long. dig. IV muscle produced 
by placing the muscles in solutions of various potassium concentrations: numbers 
show mM concentrations. The tension and depolarization records were obtained 
in separate experiments on different muscles. 
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If, in this experiment, the maximum tensions of contracture and of 
tetanus are compared at each stage (Fig. 3), it can be seen that the 
difference between the two values decreases abruptly as the size of the | 
remaining bundle of muscle fibres approaches that of the toe muscle. At 
the latter stage the maximum tension of the contracture is at least as — 

great as that of the tetanus. 
_ Inthe experiments illustrated in Fig. 3 it was assumed that the maximum 
tetanic tension was a measure of the maximum possible response of the | 
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Contraction tension: tetanic tension 
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Fig. 3. Change in the ratio of the maximum tension of a potassium-induced con- 
tracture to the maximum tetanic tension in the sartorius, resulting from a reduction 
in the size of the muscle by removing fibres from the outer surface of the muscle in 
successive stages. O ain @ represent results obtained from two separate 


experiments. 
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Fig. 4. Effects of reducing the cross-sectional area of a sartorius muscle on 


maximum tetanic contractions (a and c) and contractures produced by isotonic 
KCl (b and d). a and b, responses of intact muscle; c and d, responses following 
dissection. The dot below each contracture record indicates the point at which 
isotonic KCl was put in the bath. For details see text. 


23-2 


0 
j 
t 
3 
4 
q 
73 
Ped 
# 
4 
| 4 
a 


350 G. B. FRANK 


muscle under the prevailing conditions. However, if special pains are 
taken it is possiblé to get maximum tetanic tensions (in kg/cm?) which are 
not significantly changed during the experiment. These special precautions 
include the use of oxygen, a minimal exposure to isotonic KCl, a rapid, 
careful dissection and a careful adjustment of the muscle length. In the 
experiment of Fig. 4, the wet weight of the whole muscle (Fig. 4a and b) 
was 51 mg, and after dissection (Fig. 4c and d) the remaining muscle 
weighed 2-5 mg. In both cases the length was about 40 mm. From these 
figures and the tensions recorded (Fig. 4a and c) it was calculated, by 
tension x length/weight, that the maximum tetanic tension of the intact 
muscle was 2-29 kg/cm? and after dissection it was 2-21 kg/em®. The calcu- 
lated cross-sectional area of the dissected muscle was 0-63 x 10-* cm?. By 
direct measurement the dissected muscle was found to have a cross- 
sectional area of 0-64 x 10-* cm? at its narrowest point and 1-22 x 10-3 cm? 
at its widest point, The contracture tension:tetanic tension ratio of the 
intact muscle was 0-21 and after dissection it was 0-58. 


DISCUSSION 
A considerable body of evidence dating from the double myograph 


studies described by Biedermann (1896) to the recent micro-electrode ~ 


studies of Hagiwara & Watanabe (1955) shows that depolarizing a skeletal 
muscle will lead to a mechanical response, whereas longitudinal currents 
will not. The question considered here is whether depolarization per se is 
sufficient for maximum activation of the contractile mechanism of a 
skeletal muscle fibre. The only indication that it might not be sufficient is 
the difference in the maximum tensions of the potassium-induced contrac- 
ture and the tetanus in skeletal muscles the size of the frog sartorius and 
larger (Csapo & Suzuki, 1958). However, the fibres of the toe muscle are 
apparently maximally activated by an isotonic KCl solution (Fig. 1; see 
also Frank, 1960), and it would seem reasonable to assume that the same 
_ holds true for the fibres of the sartorius muscle. Therefore the reduced size 
of the potassium-induced contracture in the sartorius muscle appears to be 
a diffusion phenomenon in which the fibres at the surface relax before the 
potassium concentration surrounding fibres at the centre of the muscle is 
large enough to produce a maximum activation of the latter fibres. In 
accord with this explanation, the difference in the two maximum tensions 
in the sartorius muscle is eliminated when the diffusion distance for potas- 
sium ions is sufficiently reduced (Fig. 3), and it also has been reported 
(Horowiez & Hodgkin, 1956) that the contracture tension of an isolated 
semitendinosus muscle fibre is about equal to the maximum tetanic tension. 

The larger magnitude of the maximum tension of the potassium-induced 


contracture in the toe muscle was observed in seven out of nine experiments 
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and in the other two experiments the differences in the maximum con- 
tracture tension and maximum tetanic tensions of the same muscle were 
small. It is therefore surprising that Csapo & Suzuki (1958) failed to make 
this observation. One possible explanation of the different observations 
in their work and in the work reported here is that they might have used 
toe muscles having larger cross-sectional dimensions than those used in the 
experiments reported here. Their use of larger muscles is indicated by the 
fact that the tensions produced by the toe muscles in their experiments are 
larger than those usually observed in the work reported here and they 
_ ejected toe muscles which developed maximum tensions less than 4 g. 
The cross-sectional areas of all the toe muscles used in the present investi- 
gation were between 0-04 and 0-14 mm?, Assuming that the toe muscle is 
capable of developing a tetanic tension equivalent to the sartorius, e.g. 
2-5kg/cm? (Hajdu, 1951), the theoretical maximum tension for the 
largest toe muscle used here would be 3-5 g. They also report an experi- 
ment similar to the one illustrated in Fig. 3. However, from their results 
it appears that they did not sufficiently reduce the size of their muscle 
bundle and therefore they observed only the small change in the ratio 
shown in the lower part of the curve in Fig. 3. 

As was mentioned above, the maximum tension of the potassium-induced 
contracture in the toe muscle was usually greater than the maximum 
tetanic tension of the same muscle. This difference was probably due to 
the presence of an appreciable number of slow muscle fibres (Kuffler & 
Vaughan Williams, 1953; Gray, 1958). Since these fibres do not have 
propagated action potentials it is likely that they would not be maximally 
activated by direct muscle stimulation in the presence of tubocurarine, 
Indeed, it was often possible to demonstrate a contracture lasting several 
minutes by placing a toe muscle in a solution containing acetylcholine. 
The tension of this maintained contracture was at most some 20 % of the 
maximum tetanic contraction and could account for the difference between 
_ the potassium-induced contracture tension and the tetanic tension in the 
same muscle. It is interesting that Gray (1958) found by anatomical obser- 
vation that 6—-20°% of the fibres in the toe muscle of the frog, Rana 
-Aemporaria, were slow muscle fibres. 

It has long been known that depolarization is not the only way in which 
the contractile mechanism of a skeletal muscle fibre can be activated 
(Gasser, 1930). There is also evidence that the degree of activation is not 
directly tied to the degree of depolarization. For example, in Fig. 2 above 
it is seen that contracture is of a limited duration despite the continued 
presence of a depolarization when the toe muscle is kept in a solution 
having an elevated potassium concentration. The lack of an inflexible 
telation between depolarization and tension development has been inter- 
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preted by Shanes (1958) as suggesting that some other process might be 
more directly responsible for activating the contractile mechanism. How- 
ever, the above demonstration that a depolarization by itself is sufficient 
to cause a maximal activation of the contractile mechanism of a skeletal 
muscle, strongly supports the contention of previous workers that the 
depolarization associated with the action potential is the responsible 
electrical event. 

SUMMARY 


1. It was observed that the maximum tension of a contracture pro- 
duced by placing the frog’s extensor longus digiti IV muscle in an isotonic 
KCl solution was usually at least as large as the maximum tetanic tension 
of the same muscle. In the intact sartorius muscle the maximum tetanic 
tension is always greater. 

2. When the sartorius muscle was reduced in stages by the successive 
removal of fibres from the outer surface of the muscle, it was found that 


ture and the tetanus was reduced and eventually eliminated. 


potassium -induced contracture in muscles as large as the frog sartorius and 
larger is due to a diffusion phenomenon in which the fibres at the surface of 
the muscle have begun to relax before the potassium concentration in the 


initiate a mechanical response. 
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CORRELATION OF THE INHIBITORY POST-SYNAPTIC 
POTENTIAL OF MOTONEURONES WITH THE LATENCY 
AND TIME COURSE OF INHIBITION OF 
MONOSYNAPTIC REFLEXES 
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Afferent volleys in the second or third sacral dorsal roots inhibit the 
contralateral motoneurones with a central latency which is so brief that 
Lloyd & Wilson (1959) have been led to draw several conclusions, which 
they have extended to the so-called direct or Ia inhibition as investigated 
with volleys in limb nerves (cf. Lloyd, 1960): that the central inhibitory 
path is monosynaptic; that the inhibitory post-synaptic potential of 
motoneurones is not the primary agent of this inhibition, but may be a 
secondary and later manifestation of the inhibition; that the spike poten- 
tial recorded intracellularly in the soma cannot be used as an index of the 
reflex discharge of an impulse along the axon. 

These conclusions stand as a challenge to an extensive conceptual 
structure that has been built upon a precise study of Ia inhibition both by 
intracellular recording from motoneurones, and by a careful correlation 
of these results with inhibition of monosynaptic reflexes discharged by the 
motoneurones (Eccles, 1953, 1957, 1958; Coombs, Eccles & Fatt, 1955); 
Curtis, Krnjevi¢ & Miledi, 1958; Frank & Sprague, 1959; Curtis & Eccles, 
1959). Thus it has been concluded that the inhibitory action of a la 
afferent volley is fully explained by the motoneuronal hyperpolarization 
produced by that volley (the inhibitory post-synaptic potential, IPSP), 
or more strictly by the IPSP together with the ionic currents that generate 
it. It has further been concluded, from an extensive series of investigations, 
that the central pathway for Ia or ‘direct’ inhibition is disynaptic, and the 
inhibitory interneurones on this path have been located and shown to 
have the requisite properties (Eccles, Fatt & Landgren, 1954, 1956; Jack, 
1957; Curtis et al. 1958; R. M. Eccles & Lundberg, 1958). Finally, it has 
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been shown that the IS component of the spike potential, as recorded 
intracellularly, is a direct antecedent of the impulse discharged along the 
axon in the ventral root (Araki & Otani, 1955; Fuortes, Frank & Becker, 
1957; Coombs, Curtis & Eccles, 1957a, b). 
Evidently the contradiction extends to the very nature of synaptic 
action on neurones (cf. Lloyd, 1960), and its resolution is hence of urgency 
and importance. Crucial experiments have been designed for this purpose. 
Lloyd & Wilson (1959) make the point that it is essential to investigate the 
inhibition of impulses discharged along axons in the ventral root, rather 
than impulses recorded in the somas of motoneurones. The present investi- 
gation has conformed to this criterion, the latency of Ia inhibition being 
measured directly on the monosynaptic reflex spike, which has never 
previously been attempted except for one record published by Frank & © 
Sprague (1959). These latencies and a series of other investigations 
establish that the IPSP accounts precisely for Ia inhibition of mono- 
synaptic reflexes. In the discussion it is argued that the conclusions of 
Lloyd & Wilson (1959) are refuted, and that the contradiction is thereby 
resolved. 
METHODS 
The animals (ten cats) were under light Nembutal (pentobarbitone; Abbott Laboratories): 
anaesthesia with the spinal cord divided at the second lumbar segment. For the investiga- 
tion of Ia inhibition of motoneurones supplying hind-limb muscles, nerves to quadriceps 
(Q) and to posterior biceps itendinosus (PBST) muscles were mounted on stimulating 
electrodes, and the ventral roots from L5 to S1 were severed. The 81 or the lower half of 
the L7 ventral root was mounted for monophasic recording of reflex spikes produced by 
Group I PBST volleys. In order to define accurately the onset of inhibition as illustrated 
_ in Figs. 1-3, it was essential to have a large and relatively stable reflex spike potential. 
In most experiments facilitation or potentiation of the monosynaptic reflex was required 
for this purpose. This was achieved either by facilitation by a reflexly subliminal PBST 
volley about 1-5 msec earlier, or by potentiation by a brief tetanus (450/sec for 200 msec) 
ofthe PBST nerve ending about 150 msec earlier. This latter procedure was preferable and 
was adopted in our later experiments, the interval between successive tests being lengthened 
to 7 sec instead of the 3-5 sec which was employed when single or double stimuli were applied 
_ tothe PBST nerve. If the latency of inhibition is to be demonstrated by the reflex spike 
responses, the interval between the inhibitory (Q) volley and the excitatory (PBST) volley 
must be chosen so that the onset of the inhibition occurs during the rising phase of the reflex 
spike potential (cf. Figs. 1-3). Furthermore, the sweep speed must be so fast that the 
superimposed traces of the inhibited spikes and the control spikes are clearly distinguish- 
able. This was accomplished by expanding an appropriate part of the sweep so that it 
covered the whole face of the tube. When the spike was potentiated as above, the sweep 
Was accelerated about 200 times so as to give records such as those of Figs. 1 A-F, 3. Similar 
procedures were employed when investigating the inhibitory action of the contralateral 83 
afferent volley on the monosynaptic reflex spikes which an ipsilateral $3 afferent volley 
evokes in the equivalent ventral roots. The afferent volleys were always recorded by an 
electrode on the appropriate dorsal root at its entry into the spinal cord, such electrodes 
being at the upper L6 and S1 levels for Q and PBST volleys respectively. The arrival time 


of ie at the cord was taken to be the peak of the first (positive) deflexion, as indicated 
in Figs. 1-3. | 
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When recording potentials electrotonically transmitted along the ventral roots, the spinal 
cord was rotated by traction on the denticulate ligament and slightly raised from its bed 
by small balls of cotton wool. In order to discover and utilize the ventral-root filaments 
containing the highest proportion of axons of PBST motoneurones, the 81 or lower L7 
ventral roots were carefully split into filaments which were mounted one at a time on fine 
platinum hooks employed as recording electrodes. The proximal electrode was within 1 mm 
of the exit of the root, while the distal was at least 15 mm away. Root splitting of large 
ventral roots had the additional advantage that it made it easier to record from the ventral- 
root fibres as soon as they emerged from the spinal cord. It was not as a rule necessary for 
the much smaller $3 ventral root. 

The procedure for intracellular recording from motoneurones has already been described 
(Brock, Coombs & Eccles, 1952; Coombs et al. 1957a). Since IPSPs were being recorded, 
the electrodes were filled with 0-6m-K,SO, or 2M-K citrate solution. The excitability of 
motoneurones was tested during IPSPs by means of square pulses applied through the 
intracellular micro-electrode in the acini direction (cf. Fuortes et al. 1957; Coombs, 
Curtis & Eccles, 1959). 


RESULTS 
The central latency of Ia inhibitory action on motoneurones 


It has been generally accepted that a comparison between the central 
latencies of Ia inhibitory action and of Ila monosynaptic excitatory action 
cannot simply be derived from an investigation of the latest time at which 
an inhibitory volley can be placed relative to an excitatory and yet exert 
an inhibitory action on the height of the reflex spike potential as recorded 
in a ventral root. Even under the most favourable conditions the mono- 
synaptic reflex discharge is composed of individual discharges dispersed 
over a considerable fraction of a millisecond, as is indicated diagram- 
matically in Fig. 11, J. With such a critical disposition of the volleys the 
inhibition would be exerted on the latest reflex discharges that contributed 
to the summit height of the spike potential, as indicated diagrammatically 
in Fig. 1K, L (cf. Eccles et al. 1954, 1956; Frank & Sprague, 1959; Lloyd & 
Wilson, 1959); yet this presumed effect has not been investigated, except 
in one illustration by Frank & Sprague (1959), who, however, did not 
utilize it in measuring the latency of central inhibitory action. 

In Fig. 1 A—F the inhibitory Ia volley in quadriceps (Q) nerve preceded 
the excitatory PBST volley by intervals ranging from 0-5 to 1-0 msec, as 
measured from the traces recorded by an electrode on the dorsal root at the 
_ upper L6 segmental level. A second electrode at the entry of the upper 
51 dorsal root revealed that the BST volley entered the spinal cord 
0-17 msec earlier than its arrival at the L6 level, as indicated by the 
electrical potential it generated there. The records have been arranged so 
that the spike potentials of the Q volleys are in the same vertical line (the 
dotted line to the left). Each record was formed by the superposition of 
about eight traces of the inhibited reflex spike and eight traces of the un- 
inhibited reflex spike. It will be noted that the traces of reflex spikes in 
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Fig. 1. The experimental arrangements are shown diagrammatically in H. In A-F 
&@ monosynaptic reflex spike response (monophasically recorded from 81 ventral 
root (upper traces)) was generated by an afferent voiley from PBST, which also 
produced a diphasic spike in the records from the dorsum of the cord (lead SE 1 in 
H) at the upper L 6 level (lower traces), This PBST volley reached the cord at various 
times after a maximum Group I afferent volley from quadriceps, which is at a 
fixed position in A—F, its arrival time at the upper L6 level being given by the left 
perpendicular broken line. The superimposed traces for each of the testing intervals 
A-L were formed by first photographing eight traces for the BST volley alone at 


_ 7 sec interval to give the control reflex spike, and then a further eight traces with 


quadriceps volley in addition. It will beseen that at each testing interval the inhibited 
reflex spike deviates from the control. The second vertical broken line at 1-59 msec 
from the first passes through the onset of the inhibition so signalled by the reflex 
spikes for all but record A, where evidently the inhibition was operative before the 
beginning of the testing reflex response. In G there is an IPSP produced by the 
Q volley and intracellularly recorded from a PBST motoneurone at the § 1 segmental 
level a little later in this same experiment. The record of the Q volley at the upper 
L6 segment was at higher amplification, but otherwise very similar, and it is 
exactly synchronized with the Q volleys in A-F, the sweep speeds being identical. 
Note different potential scales for the reflex spike and for the IPSP. The manner of 
production of a record such as C or D is illustrated in the constructions, I-L. In I 
there are schematic reflex spikes in ten fibres dispersed over 0-5 msec, as in a normal 
monosynaptic reflex, which is derived as in J by summation. Inhibition, beginning 
at the dotted line in K, delays the onset of the 6th to 8th spikes, as shown, and 
suppresses the 9th and 10th. As a consequence the summed reflex potential (the 
continuous line in L) deviates from the control (the broken line in L) at a point 
just later than the dotted line. 
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Fig. 1C closely resemble the construction in Fig. 1L. As would be expected 
in the several records at the different test intervals the onset of inhibitory 
depression of the reflex spike occurred at virtually the same time after the 
inhibitory volley, the respective points of divergence lying very close to 
the perpendicular broken line 1-59 msec later than the line giving the arrival 
time of the inhibitory volley at the upper L6 segment. In Fig. 1A the 
inhibition had already begun before the onset of the testing spike. 

An alternative method for measuring central latency (Fig. 2) has the 
advantage of giving a reflex spike potential that is more expanded in 


> 
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Fig. 2. A-C; PBST monosynaptic reflex aos response in §1 ventral root and its 
inhibition by the quadriceps volley as in Fig. 1, but in a different experiment. 

D-H; ipsilateral monosynaptic spike response in 83 ventral root and its inhibition 
by the contralateral 8 3 dorsal-root volley. In each set of records the left traces show 
the inhibited reflex spike (upper beams) and the afferent volley recorded on the 
dorsal-root entry (lower beams). The inhibitory volleys are at a fixed position in 
the sweep and the excitatory volleys are shifted from the left to the right in the 
series of A to C and D to H. The right-hand traces in each series illustrate the 
monosynaptic reflex spike with a faster sweep velocity, the inhibited responses 
(8 traces) being superposed upon the control ones (8 traces). The horizontal broken 
lines are drawn from the diverging points of the inhibited and control responses in 
the faster sweep to the corresponding points on the companion slower records, 
through which the vertical interrupted lines are drawn so as to indicate the onset 
time of the inhibition, as in Fig. 1. The vertical lines to the left indicate the time of 
arrival of inhibitory volleys at the spinal cord, at upper L6 level in A-C and at 
83 level in D-H. Since the afferent volley was recorded at upper 81 level in A-C, 

the first vertical line was drawn delayed by 0-13 msec. In I, aspecimen IPSP recorded 
intracellularly from a motoneurone in $3 region is illustrated with the same time 
base, its onset being marked by a small arrow. 
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time, so that the first point of divergence of the control and inhibited 
spike potentials can be more accurately determined than in Fig. 1. From 
this point horizontal lines are drawn to the companion slower records on 
which the inhibitory latency is measured as in Fig. 1, and in Fig. 2A-—C 
this latency is 1-82 msec. Since in this series the afferent volleys were 
recorded at S1 level, an allowance of 0-13 msec was made in drawing the 
first vertical line in order to allow for the measured propagation time of 
the Q volley to its entrance into the cord at upper L6 level. 

Altogether by the one or other method the inhibitory latency of Q 
volleys on PBST monosynaptic reflexes has been measured in experimental 
series in six preparations. The values have ranged from 1-59 to 1-90 msec 
with a mean of 1-72 msec. 

Inhibitory latencies determined as in Figs. 1 and 2A-C can be readily 
compared with the latencies of the IPSPs produced by Q volleys in PBST 
motoneurones at the same segmental level. For example, in Fig. 1G there 
is the IPSP recorded shortly afterwards in a PBST motoneurone. When 
arranged in this manner the onsets of the IPSPs have been found to 
precede the beginnings of the reflex spike inhibition by 0-06—0-3 msec 
(mean 0:21 msec), which corresponds approximately to the conduction 
time of the reflex spike from the cord to the proximal recording electrode. 
For example, in the experiment of Fig. 1 there was 0-28 msec between 
stimulation of the ventral root through the proximal recording electrode 
and the onset of the antidromic spike potential as recorded in the soma 
(Coombs et al. 1957a). Thus the central inhibitory latency as derived from 
Fig. 1 is 1-31 msec, which is to be compared to 1-37 msec for the latency 
of the IPSP in Fig. 1G. This excellent agreement between the latencies 
of the [PSPs of motoneurones and the reflex spike inhibitions has been 
seen in every experimental series. | 3 

Similar investigations on the latencies of reflex spike inhibition and of 
IPSPs have been performed on the inhibition of motoneurones in the $3 
segmental level by volleys in the lowest threshold afferent fibres of the 
contralateral $3 roots. As is illustrated in Fig. 2D-H and Fig. 3, the 
latency of inhibition of the reflex spike could be similarly determined and 
compared with the latency of the IPSP of the same motoneurones. The 
series of Fig. 2D-—H resembles Fig. 2A—C in the method of deriving the 
inhibitory latency, which was 1-74 msec for the spike, as compared with 
b53 msec for the IPSP in I. In the series of Fig. 3A—D the monosynaptic 
teflex spikes were facilitated by a submaximal S3 volley 2 msec earlier, as 
described in Methods. The latency of the inhibitory action of the contra- 
lateral S 3 volley on the reflex spikes as measured between the two vertical 
lines was 1-58 msec, while in E and J the latencies of the intracellularly 
Mécorded IPSPs, as measured to the arrows, were 1-38 and 1-20 msec, 
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respectively. In the series F-I on the same preparation the reflex spikes 
were potentiated by a brief conditioning tetanus, as described in Methods. 
The contralateral inhibitory action on the very large reflex spike was much 
reduced, but the great stability of the reflex allowed the latency to be ac- 
curately measured, the interval between the two vertical lines giving 
a value of 1-50 msec. 
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Fig. 3. The latency measurement of inhibition in the 83 ventral root, with two 
different methods of potentiation of the reflex. Arrangements of records are the 
same as in Fig. 1. The monosynaptic reflex by the ipsilateral dorsal root stimula- 
tion was potentiated in A—-D by a subliminal conditioning stimulus and in F-I by 
tetanic stimuli (see Methods). E and J show IPSPs recorded intracellularly from 
two different motoneurones in the $83 segment of the same preparation. 


The inhibitory latency of reflex spikes in the $3 ventral root was 
measured in many series in five separate experiments, the mean value 
being 1-57 msec (range, 1:31-1:78). When allowance was made for the con- 
duction time to the proximal recording electrode on the §1 ventral root 
(0-2-0-3 msec), there was again excellent agreement between the latencies 
of the inhibitory action on the reflex spike and of the IPSP, the mean 
value for the latter being 1-32 msec (range 1-20—1-40). 

In contradistinction, Lloyd & Wilson (1959) calculated that the latency 
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for reflex spike inhibition was as much as 1-0 msec briefer than the latency 
of the IPSP generated by Ia afferent volleys. It will be shown in the 
discussion that this discrepancy derives from errors in their assumptions 
and in the calculations derived therefrom. 

Since there is now such excellent agreement between the central 
latencies for inhibition as tested by. the IPSP and by the inhibition of reflex 
spikes, it is justifiable to use the former measurements when comparing the 
central latencies for la inhibitory and excitatory action on motoneurones, 
a procedure which has been routinely employed (Brock e¢ al. 1952; Eccles 
et al. 1954, 1956; Curtis e¢ al. 1958; Frank & Sprague, 1959). In the present 
experiments the mean central latency for the IPSP was 0-75 msec longer 
than for the EPSP of 83 motoneurones and 0-91 msec longer for inhibition 
of PBST motoneurones. As previously noted (Eccles et al. 1956), the 
latter value is longer because of the longitudinal path of 10-15 mm down 
the spinal cord. With approximate equality of the inhibitory and excita- 
tory pathways the latency differential is reduced to about 0-75 msec. The 
presynaptic impulses responsible for the inhibitory action on PBST moto- 
neurones have been recorded in the immediate environment of the in- 
hibited motoneurones only 0-3 msec before the onset of the IPSP (Eccles 
ét al. 1956), hence the same time of 0-3 msec is occupied by excitatory and 
inhibitory presynaptic impulses in initiating the EPSP and the IPSP 
respectively. The latency differential of about 0-75 msec cannot therefore 
be attributed either to differences in the times involved in the actual 
synaptic mechanisms or in the lengths of the respective central pathways. 
Frank & Sprague (1959) reported that there was a briefer latency differen- 
tial (range 0-3-0-7 msec) for the EPSPs and IPSPs at the S 2 and S83 levels, 
which is briefer than values observed by Curtis et al. (1958) and in the 
present experiments. However, their EPSPs and IPSPs showed a shorten- 
ing of latency by as much as 0-6 msec as the stimulus strength was in- 
creased. In the absence of records from the dorsal roots showing the timing 
of the volleys entering the spinal cord, the abnormally large latency sbifts 
remain inexplicable, but suggest that the brief latency differentials of 


3-0-7 msec cannot be regarded as in conflict with the mean differential 


of about 0-8 msec obtained in all other investigations. 


The time course of the Ia inhibitory action 
In the standard procedure the time course of the inhibitory action of a 
Single Ia afferent volley has been determined by observing the depression 
of a testing monosynaptic reflex at various intervals after the inhibiting 
volley. Inhibitory curves so determined have always had a sharp rising 
phase, maximum inhibitory action being observed at stimulus intervals 
of 0-5—i-0 msec, but there have been very large differences in the decaying 
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phases reported by different investigators. In the first description there 
was an approximately exponential decay with a time constant of about 
4 msec (Lloyd, 1946), but this curve was only rarely obtained by Laporte 
& Lloyd (1952), who attributed the much more rapid decay that was 
usually observed to a superimposed disynaptic excitatory action of the 
Ib afferent impulses which contaminated the conditioning volley. How- 
ever, Bradley, Easton & Eccles (1953) regularly found this fast initial phase 
of decay even when the conditioning volley had been shown to have no 
appreciable admixture of Ib impulses. It was later postulated that the 
time course of this inhibitory curve.was due to two superimposed factors. 
The hyperpolarization of the IPSP would be expected to give an in- 
hibitory curve with an approximately exponential decay, as observed 
originally by Lloyd; but superimposed thereon is an initial brief depressant 
action produced by the intense ionic currents that flow for about 2 msec 
through the patches of post-synaptic membrane activated by the inhibi- 

tory transmitter (Coombs, Eccles & Fatt, 1955c; Curtis & Eccles, 1959). 
Finally, Jack, McIntyre & Somjen (1959 and personal communication) 
have suggested that, when the spinal cord is in particularly good condition, 
the membrane potential of the motoneurone is so high that no hyper- 
polarization is produced by inhibitory synaptic action. The Ia inhibition 
would thus be due entirely to the ionic currents, and consequently would 
have a duration of about 2 msec. This extreme position was based on two 
experimental findings. Occasionally very brief inhibitory curves were 
observed, there being no detectable inhibitory action after the initial in- 
tense phase; and, in contrast to excitatory post-synaptic potentials, no 
inhibitory post-synaptic potentials could be recorded as a result of electro- 
tonic transmission to the ventral root as it emerged from the spinal cord. 
The intracellularly recorded IPSP was thus postulated to be a conse- 
quence of the lowering of membrane potential due to the impalement by 
the micro-electrode (cf. Lloyd & Wilson, 1959). 

It has therefore been important to redetermine the Ia inhibitory curve 
under conditions in which complicating excitatory Ib actions could be 
excluded. Invariably it has been found that the initial intense phase has 
declined smoothly into a much more slowly decaying component, exactly 
as described by Bradley e¢ al. (1953) and as usually found by Jack et al. 
_ (1959). For example, in Fig. 4 very weak stimulation of the quadriceps 
nerve was employed to inhibit the monosynaptic reflex spike evoked by a 
maximal Group I BST volley in §1 ventral root. The stimuli for the two 
inhibitory curves plotted in Fig. 4B were 1-2 and 1-4 times threshold, and 


well below the threshold for Ib afferent fibres, which by the double stimu- 


lation technique (Bradley & Eccles, 1953; Eccles, Eccles & Lundberg, 
1957a) was determined at 1-7 times threshold. The broken lines indicate 
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for these two inhibitory curves the approximate course of the inhibition 
that could directly arise on account of the hyperpolarization recorded in 
the IPSP of Fig. 4A. The inhibitory curve that had the least slow com- 
ponent is shown in Fig, 5G, together with specimen records of the inhibited 
reflex spike at several testing intervals (Fig. 5 A-E), and in Fig. 5F tracings 
of the quadriceps afferent volley and a specimen IPSP. An unusual pro- 
cedure was employed in assessing the abscissae in Fig. 5G: instead of the 
oo plotting of intervals between the entry of the inhibitory and 


A 


1mv | 


— 

wm 

ON 


Fig. 4. Inhibitory curve in which the inhibitory action of a quadriceps Ia afferent 
volley is tested by the size of a monosynaptic reflex spike discharged into the $1 
ventral root from BST motoneurones. In B the ordinates show the percentage 
size of the reflex spike, the abscissae the testing volley intervals. @, inhibitory 
stimulus 1-2 threshold, © 1-4 threshold for Ia fibres. The dotted lines indicate 
the approximate time courses of the components of inhibition attributable directly 
to the hyperpolarization of the IPSP, which is seen in the traced record in A. The 
afferent quadriceps volley (upper trace of A) is recorded at the upper 81 level. 


excitatory volleys into the cord, the abscissae in Fig. 5G are measured 
from the entry of the inhibitory volley to the summit of the reflex spike 
potential. As a consequence the latency of origin of the curve (1-8 msec) 
is the result of approximately the same method. of measurement of the 
latency of inhibition as is given by the interval between the vertical lines 
in Fig. 1. It is seen likewise to be a little longer than the latency of the 
IPSP in Fig. 5F. 

The manner in which a Ia inhibitory curve is built up from the responses 
of individual motoneurones is illustrated by testing for the range of inter- 
‘Yals over which a motoneurone is inhibited by a Ia inhibitory volley of 
constant size. If the testing monosynaptic excitation is diminished in size, 
the ig of the inhibited intervals increases as illustrated i in Fig. 6. In 
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Fig. 5. An example of the inhibitory curve in which the quadriceps volley showed 
a relatively small later effect upon the PBST monosynaptic reflex (compare with 
Fig. 4). A—E specimen records of inhibited spikes (upper beams) at five different 
intervals. The lower beams are potentials recorded on the dorsal surface of the 
cord at upper S81 level. A specimen IPSP recorded intracellularly from a moto- 
neurone in the same preparation is traced in F together with the record of the 
quadriceps afferent volley. In G the ordinates give the percentage sizes of the reflex 
spikes and the abscissae are measured from the arrival of the quadriceps volley to 
the summit of the reflex spike. The zero point in the time scale is at the arrival 
of the quadriceps volley at the upper §1 level, its entrance to the upper L6 level 
being at 0-17 msec later. Zero volley interval, as in Fig. 4B, is shown below. 


Fig. 6. The difference of ranges of intervals over which a motoneurone, activated 
by Ia EPSP of different sizes, is inhibited by Ia inhibitory volley of a constant size. 
The lower traces are potentials intracellularly recorded from a PBST motoneurone 
and upper ones the afferent volleys recorded at upper S1 level. A—E, test volley 
mare for Group Ia; F—J, test volley about wid maximal for Ia. 
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the series A-E the testing reflex spike was evoked by a maximal Group 
Ja volley, and as shown in the control (A) it evoked a spike in all but one of 
about eight superimposed recordings. There was complete inhibi‘ion only - 
at the relative short testing intervals of 0-36 and 2-14 msec (B, C), i.e. at 
the maximum of the inhibitory curve. In the series, F—J, the testing reflex 
spike was evoked by a Group Ia volley that was only about two thirds 
maximal, which evoked a reflex discharge in only two of the eight super- 
_ imposed tracings. There was now complete inhibition with testing intervals 
ranging from 0-18 msec (G) to 5-3 msec (1). 

The disadvantage of testing for inhibition by its diminution of a testing 
reflex discharge is that the ordinates give the relative population of the 
discharging motoneurones and do not give a direct measure of the in- 
tensity of inhibitory action. Such a measure is provided if the test stimulus 
is a brief rectangular current pulse that is applied in a depolarizing direc- | 
tion through the intracellular electrode during the IPSP (Frank, 1959; 
Eccles, 1958). At each testing interval during the inhibition, the pulse was 
_ varied in intensity until it evoked a spike potential in approximately one 
half of the trials (Fig. 7 A-H). The spike potential was recorded either by 
the intracellular electrode, or from the appropriate ventral root filament. 
Figure 7K shows inhibitory curves obtained by this technique, the ordi- 
nates being measured as relative excitabilities, i.e. as reciprocals of the 
threshold current intensities. When the current pulse was very brief, as in 
A-D (0-2 msec), the time course of the inhibitory curve (Fig. 7K, short 
rectangles) corresponded closely with the time course of the [PSP (Fig. 7J). 
However, when, as in Fig. 7E—H, longer current pulses (0-8 msec) were 
employed, the same IPSP produced a much larger depression of excitability 
at the optimum intervals (Fig. 7K, long rectangles), but this brief intense 
phase was followed by a longer low-intensity phase where the depression 
was little more than that with the briefer test pulses. There is some un- 
certainty how such long pulses can be related to a curve that expresses 
the time course of the inhibitory depression. The whole duration of the 
pulse is evidently concerned in generating the discharge of an impulse. 
The best compromise is probably to regard the inhibitory curve as being 
defined by the mid points of the pulses, as in Fig. 7K. The time course of 
depression, as revealed by the long pulses, corresponds closely to the in- 
_ hibitory curve determined by depression of monosynaptic reflexes (Figs. 
4, 5). The relationship of these various types of inhibitory curves to the 
IPSP and the scl das el currents that generate it will be considered in 
the Discussion. 
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The electrical potential changes produced by Ia inhibitory action 

Lloyd & Wilson (1959) and Jack et al. (1959 and personal communica- 
tions) have reported that synaptic inhibitory action on motoneurones was 
not associated with any electrotonic spread of a hyperpolarization down 
their axons and so to the ventral root, though excitatory synaptic action 
on those same motoneurones caused the spread of a large depolarization. 
However, if the motoneurones were depolarized, the inhibitory action was 
observed to depress this depolarization, i.e. to produce a relative hyper- 
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Fig. 7. In A-H depolarizing rectangular current pulses (the upper records with the 
pulses recorded downwards) were applied through an: intracellular electrode 
(filled with 2m potassium citrate) in a biceps dinosus motoneurone and 
adjusted in strength so that a spike potential was evoked in about half of the 
trials, as shown in the lower records, there being about 10 superimposed traces in 
each record. With A~D and E-H the pulse durations were 0-2 and 0-8 msec 
respectively and the control threshold current strength was 3-3 times larger in A 
than in E, In B—-D and F-H the pulses tested excitability at various times relative 
to an IPSP, set up by a Ia quadriceps volley, which is shown at higher amplifica- 
tion and at the same sweep speed in I, and also plotted in J together with a tracing 
of the quadriceps volley (Q), as it entered the cord at the upper L6 level. In K the 
reciprocals of the threshold current strengths (relative to the control strength), for 
the series partly shown in A-H, are plotted on the same time scale as for J, zero 
time being measured relative to the entry of the Q volley into the cord. The 0-2 and 
the 0-8 msec pulses are shown respectively as solid and hollow rectangles of appro- 
priate length. In drawing the two inhibitory curves it is assumed that the pulses 
test the excitability at the mid point of their duration. 
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polarization by electrotonic spread. These observations have given further 
support to the suggestion discussed above: that under conditions of normal 
resting potential, inhibitory synaptic action produces virtually no IPSP, 
and that the IPSP recorded by an intracellular electrode owes its existence 
to membrane depolarization consequent on the electrode penetration. 
When attempting to record inhibitory hyperpolarizations that have 
propagated electrotonically from motoneurones down the motor axons 
and so to the ventral root, it is important to realize that these potentials 
would be very small. On the average the IPSPs intracellularly recorded 


Fig. 8. C and F are intracellular records (see C, F in the inset diagram) of IPSPs 
and EPSPs evoked in a BST motoneurone at § 1 segmental level by a Ia quadriceps 
and a BST volley respectively, as shown in the inset diagram. The upper traces of 
the remainder are the potentials electrotonically conducted from the motoneurones 
along their motor axons and recorded from an isolated filament of the $1 ventral 
root, one electrode being on the filament about 1 mm from its exit from the cord, 
the other at least 20 mm distally on the isolated filament, as shown by the two 
arrows in the inset diagram. A and B show potentials produced by a Ia quadriceps 
volley, D and E by a Ia BST volley. A and D are recorded at a faster time base, 
as shown, all other records being at same time base. G—L illustrate the interaction 
of EPSP and IPSP recorded in the ventral root when they are evoked at various 
volley intervals, as shown by the dorsal root records (from upper L6) in the 
lower traces. 


from PBST motoneurones in response to Q Ia volleys are several times 
smaller than the monosynaptic EPSPs generated by maximum Ia volleys 
in the PBST nerve, Furthermore, only a relatively small fraction of the 
fibres in any ventral root filament would be PBST motor axons, i.e. there 
would be a very effective shunting of any IPSP potential. Thus very high 
amplification must be employed and the potential change must’ be lifted 
out of the background noise by superposition of a great many superimposed 
traces. Figure 8A and B shows that with such precautions a quadriceps 
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Ia afferent volley produced a well defined IPSP in a 81 ventral root 
filament about 1 mm after it emerged from the spinal cord. Monosynaptic 
EPSPs produced by a PBST volley were several times larger (D, E). 
Below B and E are shown on the same time scale the intracellularly 
recorded IPSP (C) and EPSP (F). The faster records, A and D, enable the 
latencies (note arrows) and rising phases of the ventral root IPSPs and 
EPSPs to be measured and — Comparison of B with C and E with 
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Fig. 9. Traces showing tia interaction between IPSP and EPSP recorded electro- 
tonically in §1 ventral root filament (A) and intracellularly from a motoneurone 
(B). Ia afferent fibres in PBST and quadriceps nerves are stimulated to give the — 
excitatory and inhibitory volleys, respectively. Original records of A are in Fig. 8 
G-L. Numbers at the foot of EPSPs are corresponding to those on the downward 
arrows which indicate the arrival time of PBST Ia afferent at upper 81 level. Up- 
ward arrows indicate the arrival of quadriceps volley at the same level. Same | 
time scale for A and B. 


F shows that latencies were virtually the same for the intracellular and 
for the ventral root IPSP and EPSP respectively; but, as would be 
expected, the summit was later and the decay much slower than with the 
respective intracellular potentials. 

In G to L of Fig. 8 IPSP and EPSP were interacting at various volley 
intervals, B and E being the control records. Traces of these records in — 
Fig. 9A show that the interaction closely paralleled the interaction ob- 
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served with intracellular recording (Coombs et al. 19556; Curtis & Eccles, 
1959). For example, in Fig. 9 B there are plotted the intracellular potentials 
recorded from a motoneurone whose axon contributed to the potentials of 


. Fig. 9A. In both types of recording it is seen that the IPSP was poten- 


tiated when the currents generating it were occurring during the depolari- 
zation of the EPSP. This potentiation occurred because the equilibrium 
potential for the IPSP was only at about 10 mV more hyperpolarization 
than the resting potential; hence a relatively small depolarization added 
considerably to the voltage driving the inhibitory ionic currents. 


1:2 msec 

Fig. 10. Potentials recorded electrotonically on 83 ventral root. A, D, G and J; 
ipsilateral dorsal root stimulation. B, E, H and K; contralateral dorsal root 
stimulation. The stimulus is strengthened from the left to the right columns. In 
C, F, land L the same potentials as in B, E, H and K, respectively, are shown with 
a higher amplification. Note the different voltage calibrations. Two sets of traces 
(M, N) below the photographs show the superposed potentials with different 
stimulus strengths, obtained by the contralateral dorsal root stimulation (M) and 
by the ipsilateral stimulation (N). Numbers in these figures indicate the strength 
of the dorsal root stimulation, relative to the weakest stimulus, which was just 
above threshold. 


_ A hyperpolarizing potential was also recorded in the 83 ventral root in 
response to volleys set up by very weak stimulation of the contralateral 
83 dorsal root. Such a potential was barely detectable with the low 
amplification of Fig. 10E, which seems comparable with that used by 
Lloyd & Wilson (1959), but was readily detectable at the higher amplifica- 
tion of Fig. 10F. The much smaller volley in Fig. 10B and C produced 
a very small hyperpolarization. These hyperpolarizations were much less 
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than the depolarizations produced by afferent volleys in the ipsilateral S 3 
dorsal root (Fig. 10A, D). When stronger stimulation was employed, the 
contralateral volley produced only a depolarization, in which, however, 
a small notch could be seen at the arrow in I, which presumably was 
produced by the onset of the now submerged inhibitory hyperpolarization. 
‘Not only was there a polysynaptic EPSP depolarization in H and I, but 
there was also an earlier small EPSP with a latency only a little longer 
than the ipsilateral monosynaptic EPSP in G, which presumably was due 
to the contralateral monosynaptic EPSP occasionally observed by Curtis 
et al. (1958) and by Frank & Sprague (1959). The superimposed traced 
records for contralateral $3 volleys (Fig. 10M) show the way in which the 
IPSP obtained with weakest volleys was submerged first by the contra- 
lateral monosynaptic EPSP and with stronger stimulation by the poly- 
synaptic EPSPs. By contrast stronger ipsilateral stimulation merely added 
a later depolarization to the monosynaptic EPSP (Fig. 10N). Possibly the 
contralateral monosynaptic EPSP contributed to the failure of Lloyd & 
Wilson to detect the hyperpolarizing IPSP. It may be mentioned in this 
context that the monosynaptic EPSP produced by Q volleys in soleus 
motoneurones(Eccles, Eccles & Lundberg, 1957b)may submerge the QIPSP 
propagated electrotonically along PBST motor axons, there apparently 
being a trace of this EPSP in Fig. 8A, B, before the start of the IPSP. 
The largest IPSP recorded from filaments of the $1 or L7 ventral root 
was 17 »V, and the mean value was 10 »V in seven experiments with the 
Ia IPSP generated by Q volleys and 28 V in five experiments with the 
contralateral $3 IPSP. The mean value for the Q IPSP was 11% of the 
monosynaptic EPSPs similarly recorded and evoked by PBST volleys, but 
it seems possible to reconcile this relatively small size with the mean 
values of the IPSPs and EPSPs determined by intracellular recording 
from a random sample of the motoneurones concerned. Thus in the 28 BST 
motoneurones investigated in the same experiments, the mean IPSP was 
29% of the mean EPSP. The discrepancy (29% as against 11%) can at 
least be partly accounted for by the fact that PBST volleys generate an 
EPSP in many motoneurones, such as anterior biceps, which have no 
Q IPSP and which were rejected without being photographed. In addition, 
ventral root [PSPs in 81 and lower L7 root filaments are likely to be 
diminished by being superimposed on monosynaptic EPSPs which quadri- 
ceps Ia volleys generate in soleus motoneurones (Eccles et al. 19575). 


DISCUSSION 

For the first time the central latency of Ia inhibitory action on mono- 
synaptic reflexes has been directly measured, and has been found to be in 
excellent agreement with the latencies of the inhibitory post-synaptic 
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potentials, IPSP, recorded intracellularly from several motoneurones 
randomly sampled out of the population giving the reflex spike. The dis- 
crepancy between the latencies of the reflex inhibition on the one hand and 
of the IPSPs on the other was always less than 0-1 msec. In contradis- 
tinction, Lloyd & Wilson (1959) asserted that the central latency for 
inhibition of reflex discharge was as much as 1-0 msec shorter than the cen- 
tral latency for inhibition of the soma spike response of the motoneurone 
and that the IPSP would just be early enough to account for this soma 
inhibition. Thus there is a discrepancy of about 1:0 msec between our 
direct experimental measurements and the value calculated by Lloyd & 
Wilson from various indirect measurements. - 


It is not clear how Lloyd & Wilson arrived at this value of 1-0 msec. For example, in the 
construction of their Fig. 3 the spike ghi begins about 0-2 msec earlier than in the actual 
records from which it was derived and the spike summit, h, is drawn about 0-35 msec earlier 
than in their Fig. 1E. Possibly the time scale of Fig. 1 is incorrectly labelled. Be that as it 
may, superposition of their Fig. 1E and F gives a situation resembling the superimposed 
records of our Fig. 3 and reveals that the latency for the reflex spike inhibition was about 
1:35 msec, which is in good agreement with the latencies observed in the present investiga- 
tion when due allowance is made by ic cana from these values the conduction times in 
the motor axons. 

The discussion of Renshaw’s (1942) results on the central latency of reflex inhibition can 
also be criticized. For example, the latency was measured from a point at which there was 
no inhibition, rather than from a point derived from extrapolation of the inhibitory curve 
to the level of zero inhibition, which gives 0-95 msec for the latency of reflex inhibition as 
measured to the beginning of the reflex spike discharge from the motoneurones. The time to 
_ the summit of the reflex spike potential illustrated by Renshaw (0-35 msec) should be added 
to this figure, which gives 1-30 msec for the central latency of inhibitory action. When there 
has been a negligible longitudinal component in the inhibitory pathway, the IPSPs have 
often been observed with central latencies even briefer than 1-30 msec (Fig. 3J ; Eccles et al. 
1956; Curtis et al. 1958; Frank & Sprague, 1959), and consequently would just be in time to 
produce a reflex inhibition having the latency displayed by the reflex inhibition illustrated 
by Renshaw. On the contrary, Lloyd & Wilson (1959) derive a value of 1-15 msec for the 
inhibitory latency and then perform the irrelevant operation of subtracting therefrom the 
central latency for reflex discharge for motoneurones (0-95 msec), arguing that the remainder 
(0-2 msec) is inadequate for an interneuronal relay. The correct procedure would be to 
subtract from 1-15 msec the inhibitory synaptic delay of 0-3 msec and then enquire if the 
residual 0-85 msec is sufficiently long for conduction along a pathway to the motoneurone 
that traversed an interneuronal relay. Recently interneurones have . been found in the 
intermediate nucleus that discharged an impulse in response to a Ia afferent volley which 
_ had entered the spinal cord only 0-5—0-8 msec earlier (Eccles, Eccles & Lundberg, 1960); 
hence the transmission time of 0-85 msec is possible with a disynaptic pathway, though our 
remeasured value from Renshaw’s experiment would be 1-0 msec, and thus readily aecom- 
_Modated to a disynaptic pathway. 


The diagram of Fig. 11 serves to illustrate the various factors that 
determine the central latency of Ia inhibitory action on motoneurones. 
The times of this diagram are all based on experimental measurements, 
and it will be seen that the shortest latency for inhibition of monosynaptic 
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reflex discharge could occur with an approximate simultaneity of the 
excitatory and inhibitory afferent volleys. The excitatory volley is shown 
producing an EPSP of the motoneurones after a latency of 0-5 msec, which 
is made up from 0-2 msec conduction time and 0-3 msec synaptic delay. 
(ESD). However, the EPSP takes a further 0-4 msec to rise to the thres- 
hold for the earliest spike discharge, and the time for reaching threshold 
msec 
E, | afferent spikes 


VR 


\ 


Fig. 11. Diagram showing time course of events during Ia inhibitory action on 
® monosynaptic reflex spike. The pathways are shown to the left with the mono- 
synaptic excitatory line in black and the Ia inhibitory line in interrupted black. 
The remainder of the diagram is constructed both on the same time scale, as shown 
above, and on the spatial scale of the diagram to the left, except that the potential 
records are also shown in the conventional manner as rising from base lines at the 
respective recording sites: dorsal-root entry, DR; the motoneurone, M; and the 
ventral root, VR. The slopes of the lines on the spatial—temporal co-ordinates give 
the velocities, and delays at regions of junctional transmission are given by lengths 
of the horizontals there. Thus the monosynaptic path (the E afferent spike at DR) 
is shown delayed at the motoneurone by an excitatory synaptic delay ESD of 
0-3 msec in initiating the EPSP, and a spike latency, SL, of 0-4 msec for the 
shortest latency (a) and 0-75 msec for the longest (c) involved in the EPSP initiating 
a spike discharge. The spikes discharges by a and 6 are shown propagating into 
the ventral root. An I afferent spike arriving synchronously with E, as shown by 
records at DR, and having an equivalent length of central pathway, is shown 
delayed for 0:75 msec at the intermediate cell (IC) relay (03 msec of excitatory 
synaptic delay plus 0-45 msec of spike latency); and thereafter propagating to the 
motoneurone, having a further delay of 0:3 msec (the inhibitory synaptic delay, 
ISD) before initiating the IPSP after a total central latency of 1-25 msec. It will 
be seen that this IPSP is just produced in time to delay or suppress (cf. Fig. 1K) 
all reflex discharges after b (for example c), and so is just able to diminish the 
height of the reflex spike as shown by the hatched area. 


ig 
de 
; il 
ir 
vi 
in 
i n 

a b 

5 
fi 

4 t 

I 


TIME COURSE OF INHIBITION 373 


is as long as 0-8 msec with the latest discharges that contribute to the 
summit of the reflex spike potential in the ventral root, as is shown in the 
potential-time diagrams in this figure. Meanwhile the inhibitory volley 
will have entered the intermediate nucleus (IC), and, after a synaptic 
delay of 0-3 msec (ESD), will have produced an EPSP in the Ia inter- 
mediate cells, which rises to the threshold for generating the discharge of 
impulses after a further 0-45 msec, values which conform with experimental 
values for the quickest responses of intermediate neurones activated by Ia 

_jmpulses (Eccles e¢ al. 1956; Curtis et al. 1958; Eccles et al. 1960). Within 
about 0:4 msec (0-3 msec for the inhibitory synaptic delay, ISD) the im- 
pulses of the intermediate cells will be initiating an IPSP of the moto- 
neurones that has a central latency of 1-25 msec and which is just in time 
to inhibit the discharge of the latest motoneuronal discharges contributing 
to the reflex spike potential. It will be evident from Fig. 11 that the inter- — 
val between the inhibitory and excitatory volleys provides a most un- 
satisfactory basis from which to derive the central latency for inhibitory 
action, and this criterion has seriously misled Lloyd and Wilson. 

There is satisfactory agreement between the time courses for Ia inhibi- 
tion of monosynaptic reflexes (Figs. 4B, 5G) and the IPSPs that are 
recorded both from the ventral root and from motoneurones (Figs. 4A, 
5¥F, 71, J, 8A—F, 10C, F). The low residuum of inhibitory action persisting 
for more than 10 msec (Fig. 4B) would be expected if inhibitory synaptic 
action on motoneurones produced a hyperpolarizing potential that con- 
tinued the depression of excitability beyond the brief phase of high ionic 
permeability (Curtis & Eccles, 1959). Thus it can be concluded that the 

_IPSP recorded by an intracellular electrode is not simply a consequence of 
a depolarization produced by impalement with a micro-electrode, as 
suggested by Lloyd & Wilson (1959) and Jack e¢ al. (1959). 

In any case, it would not be expected on theoretical grounds that a prolonged steady 
membrane depolarization would provide conditions giving a hyperpolarizing inhibitory 
potential if there were no inhibitory potential at the resting membrane potential. There is 

- independent évidence that the equilibrium potential for potassium, Hx, is at a more hyper- 
_ polarized level than the resting membrane potential, for the after-hyperpolarization that 
follows a spike response of the motoneuronal membrane is due to a raised K+ permeability 
(Coombs, Eccles & Fatt, 1955a; Eccles, 1957); and it would be generally agreed that this 
after-hyperpolarization occurs in motoneurones independently of any lowering of membrane 
potential by injury, for it can readily be observed after electrotonic propagation to the 
ventral root (Eccles & Pritchard, 1937; Gasser, 1939; Lloyd, 1951). Thus the equilibrium 

_ potential for the IPSP would be identical with the resting membrane potential, Hp, only 
if the movement of K+ ions made no contribution to the inhibitory post-synaptic action. 
Ci- ions would therefore be almost exclusively concerned in the high ionic permeability 
Sceurring in the inhibitory response of the post-synaptic membrane, which would be in 

- agreement with the general conclusion that with nerve and muscle the equilibrium potential 
for Cl- ions (Hq) is identical with the normal resting membrane potential 2, (Conway, 
1957; Hodgkin, 1958; Hodgkin & Horowicz, 1959; Keynes, 1954). If now Hx is lowered to 
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Ey by micro-electrode penetration, Hq would be at a more hyperpolarized level than 
Ey, and inhibitory synaptic action would cause a hyperpolarizing response, even if none 
was present normally. But the difference between H,, and Hy, would cause also a net influx 
of Cl ions until the redistribution caused the new equilibrium potential, L,,, to be identical 
with E,. (cf. Boistel & Fatt, 1958). The time course of this distribution is quite rapid, having 
a half-time of about 15 sec (Coombs ef al. 19556; Eccles, 1957; J. C. Eccles, R. M. Eccles & 
M. Ito, unpublished observations), so a steady membrane depolarization resulting from 
electrode penetration would not account for IPSPs that persisted for more than 1-2 min; 
and hyperpolarizing IPSPs have been regularly observed during long periods of steady 
membrane potential. 


A rectangular pulse of depolarizing current will generate the discharge 
of an impulse from a motoneurone when it has depolarized the initial 
segment of the motoneurone to a critical level (Araki & Otani, 1955; 
Frank & Fuortes, 1956; Coombs et al. 1957a, b). In doing this the applied 
current will pass partly through the membrane capacity, removing its 
charge so that the critical level is attained, and partly through the mem- 
brane conductance. When the stimulating current is as brief as 0-2 msec, 
it has to be very intense in order to depolarize the membrane to the critical 
level for impulse generation; and it would not be appreciably antagonized 
by the flow of inhibitory current. The inhibitory curve would be expected 
to be virtually identical with the time course of membrane hyperpolariza- 
tion (the IPSP), as is actually seen in Fig. 7K (short rectangles). On the 
other hand, a stimulating current. of 0-8 msec duration would be of much 
lower intensity (only 30% in Fig. 7), as may be seen by reference to the 
strength—latency curves for motoneurones (Frank & Fuortes, 1956; Coombs 
et al. 1959), and consequently it would be very effectively antagonized 
by the inhibitory current as well as by the hyperpolarization; hence the 
dual composition of such inhibitory curves (Fig. 7K, long rectangles). 
The excitatory synaptic currents generating the monosynaptic EPSP and 
spike discharge have an effective duration even in excess of 0-8 msec 
(Curtis & Eccles, 1959; C. Terzuolo & T. Araki, personal communication), 
so inhibitory current flow would tend to have the dominating influence in 
preventing the generation of spikes, the hyperpolarization being relatively 
unimportant, as is illustrated in the inhibitory curves of Figs. 4, 5. 

The relative sizes of the two phases of inhibitory action could be quanti- 
tatively evaluated if the electric time constant of the membrane were 
known. Unfortunately there is a large discrepancy between the time con- 
stant calculated from strength—latency curves, which has a mean value of 
1-1 msec (Frank & Fuortes, 1956; Coombs e¢ al. 1959) and that derived 
from the time course of membrane potential change produced by a rect- 
angular pulse (mean value 3-1 msec, Coombs et al. 1959). Presumably the 
membrane potential changes produced by depolarizing current pulses 
would be related to the former value of 1-1 msec rather than to the longer 
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value, and thus the dominance of the initial brief phase in Figs. 4, 5, 7K 
(long rectangles) is to be expected. 

Wilson & Lloyd’s statement that the ‘latency for inhibition of soma 
spike is no measure of the latency of reflex inhibition’ is a confusing half- 
truth. It is generally accepted that the spike recorded by a micro-electrode 
in the soma of a motoneurone is compounded of an initial IS (or A) spike 
and a later SD (or B) spike (Araki & Otani, 1955; Fatt, 1957; Fuortes 
et al. 1957; Coombs et al. 19574, b) and that the former signals the genera- 
tion of an impulse by the motoneurone and is responsible for the discharge 
of impulses along the motor axon, whereas the SD spike (often called soma 
spike) arises later by a secondary invasion. Thus, in the above statement, 
Wilson & Lloyd would be correct with this usage of ‘soma spike’ as the 
SD spike; their confusion arises because they use the same phrase ‘soma 
spike’ in two senses in the same argument, i.e. for all — recorded in 
the soma (IS plus SD) and for SD spike alone. 


CONCLUSIONS 


In contradistinction to Lloyd & Wilson (1959) it can be concluded: 

(a) That the time course of IPSP gives a complete explanation of the 
observed inhibition of impulse discharge from motoneurones, both that 
arising reflexly and that in response to direct electrical stimulation. 

(b) That there is a latency differential of about 0-8 msec between the 
la IPSP and the monosynaptic EPSP, which conforms with the require- 
ments of a disynaptic inhibitory pathway. 

(c) That inhibitory synaptic action on a motoneurone results from two 
processes: a brief phase of high ionic conductance of the inhibitory sub- 
synaptic membrane; and a consequent hyperpolarization, the IPSP, which 
occurs even at the normal resting membrane potential. 

(d@) That the spike potential recorded in the soma of motoneurones 
provides a reliable indicator of the generation of impulse discharge from 
Motoneurones, both under normal conditions and when under inhibitory 
action. 

SUMMARY 


1. The central latency of inhibition has been measured by observing 
the onset of its action upon the rising phase of a suitably timed mono- 
synaptic reflex spike recorded in the ventral root. 

2. With the inhibition of biceps-semitendinosus motoneurones by 
quadriceps Ia volleys and with the contralateral inhibition of moto- 
neurones at sacral 3 level, the latency of inhibitory action on the reflex 
discharge of impulses from motoneurones into the ventral root has been 
found always to be within 0-1 msec of the intracellularly recorded in- 
hibitory post-synaptic potentials (IPSPs). 
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3. In a reinvestigation it was confirmed that the time course of inhibi- 
tory action on monosynaptic reflexes by a Ia inhibitory volley had a 
brief intense phase and a longer low-intensity tail that persisted for 
about 10 msec. 

4. A similar time course was also observed when the effect of the in- 
hibitory volley was tested by the raised threshold to relatively long 
depolarizing current pulses (up to 1 msec) applied through the intracellular 
electrode. With testing by much briefer pulses the raised threshold had 
a time course resembling the IPSP. 

5. IPSPs have been regularly recorded from ventral roots after electro- 
tonic transmission from motoneurones. | 

6. These experimental results have been discussed in detail and it has 
been concluded that the time course of the IPSP gives a complete explana- 
tion of the observed inhibition of reflex discharge from motoneurones, 
the inhibitory post-synaptic currents being responsible for the initial brief 
intense phase that is superimposed upon an inhibitory effect attributable 
to the hyperpolarization of the IPSP. : 

7. It is shown that the central latency of inhibitory action exactly 
corresponds with the latency required for a pathway with an interpolated 
interneurone. 
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Until recently the action of the antidiuretic hormone has been de- 
scribed as restoring ‘water balance by promoting the reabsorption of the 
osmotically free water left by the distal reabsorption of Na. Under the 
action of the hormone this water is reabsorbed; in its absence this water 
is excreted’ (Smith, 1956). Wirz (1956) has suggested an explanation of 
the mechanism of water reabsorption. He, and later Gottschalk & Mylle 
(1959), showed by micropuncture study in the rat that fluid in the first 
half of the distal tubule was hypotonic to plasma under all conditions of 
hydration, but that in dehydrated animals it became isotonic in the second 


half of the distal tubule and hypertonic in the collecting ducts. In the 


kidney producing a concentrated urine the tubular fluid comes into 
osmotic equilibrium first with the cortical tissue and later, in the collecting 
tubules, with the medullary tissue which is known to be increasingly 
hypertonic towards the papilla. According to Wirz’s theory, the essential 
action of vasopressin is to increase the permeability to water of the distal 
parts of the nephron and collecting ducts. In 1958 Ginetzinsky found 
that the urine of several mammals contained hyaluronidase: this dis- 
appeared during water diuresis, but was present during osmotic diuresis, 
in the dog. In a histological study in rats Ginetzinsky observed that the 
cement substance between the cells of the collecting tubules reacted as 
hyaluronic acid when the animals were water-loaded, but as its poly- 
merization products when they were dehydrated. He concluded that when 
stimulated by the antidiuretic hormone, the cells of the collecting tubules 
secrete hyaluronidase, which in turn depolymerizes the mucopolysaccharide 
complex of the basement membrane of the tubules, hence making ‘the 
structures separating the tubule lumen from the interstitial tissue perme- 
able to water. The hypotonic fluid in the tubules then follows the osmotic 
gradient and undergoes facultative reabsorption’ (Ginetzinsky, 1958). 
This was a new approach to a process which had hitherto been difficult to 
envisage. It seemed, therefore, of interest to test Ginetzinsky’s hypothesis 
by comparing the excretion of hyaluronidase and antidiuretic activity in 
urine under various conditions in man. 
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METHODS 


The human subjects were eight normal adults (four men and four women), eight new- 
born male infants, one patient suffering from diabetes insipidus and two children with an 
inborn renal disease known as ‘nephrogenic diabetes insipidus’, The adult patient with 
diabetes insipidus was a man of 27 years, whose condition was controlled by intramuscular 
injections of 10 u. Pitressin tannate administered every other day. When seen, the treatment 
having been interrupted for 48 hr, the patient was excreting urine at an average rate of 
14 ml./min. The children with ‘nephrogenic diabetes insipidus’ were two cousins, aged 
4 and 17 respectively. Both had been treated with chlorothiazide. ‘Nephrogenic diabetes 
insipidus’ is a hereditary disease transmitted through the mother in the same way as haemo- 
philia, and characterized by an inability of the kidneys to respond to vasopressin, and hence 
to concentrate urine, though the post-pituitary gland appears to be unaffected. 

Diuresis, when required, was induced by the ingestion of water in varying amounts or of 
ethanol (35-45 ml. in 200 ml. water). Antidiuresis in hydrated subjects was obtained by 
intramuscular injections of 500 m-u. vasopressin. In all cases urine was collected without 
catheterization. In new-born infants the sample of urine collected was that which was first | 
voided after birth, before the first feed and thus at a time when the baby was dehydrated. 

Estimation of hyaluronidase in urine. Hyaluronidase was determined by the change in 
viscosity induced when incubated with hyaluronic acid by the method of McClean & Hale 
(1941) with certain modifications. In order to minimize the action of interfering substances 
such as ascorbic acid and to concentrate the hyaluronidase, the urine samples were first 
taken nearly to dryness by exposure to dialysis tubing containing polyethylene glycol, as 
described by Kohn (1959), and reconstituted with water to represent a urine flow of 0-1- 
0-15 ml./min; Since the original rate of urine flow was unknown in the new-born infants, the 
samples were concentrated three- to eightfold, according to the volume available. 

0-2 ml. hyaluronic acid+0-05 ml. reconstituted urine +0-05 ml. citrate buffer pH 4-6 
(containing 8 % NaCl) was incubated at 34° C for 90 min and the viscosity then determined 
at room temperature. The hyaluronidase concentration was obtained from a curve derived 
from different amounts of the standard hyaluronidase preparation (Light and Co; 500 u./mg) 
under the same conditions. Boiled urine produced little or no omange | in the viscosity of the 
hyaluronic acid. The latter was a preparation of mixed polysaccharides from human 
umbilical cord and was not of uniform viscosity. The solution used was of such a concentration 
that, diluted as indicated above, it took approximately twice as long (110 sec) in the visco- 
simeter as water (55 sec). The time was reduced to 101, 91 and 79 sec by 0-5, 1-0 and 2-0 u. 
hyaluronidase respectively. A difference of < 5 sec between the unknown and hyaluronic acid 
was not considered quantitatively significant. The absolute values varied with day-to-day 
variations in room temperature, but this was steady to + 0-5° C during any one set of readings. 

Identification of the viscosity-reducing material in urine as an enzyme, apart from its 
destruction by boiling, was provided by a typical curve of activity versus time. Its action 
at 30, 60 and 90 min incubation was 33, 55 and 68 % of that at 3-5 hr, in comparison with 
59, 72 and 79%, for the standard preparation (bull testis). Its identity as a hyaluronidase 
was further substantiated by inhibition of its viscosity-reducing action by Suramin to the 
same degree as that of the standard preparation. 

Estimation of antidiuretic activity in urine. The method was that described by Dicker (1953), 
using rats under ethanol anaesthesia and kept with a constant water load of 8-0 ml./100g 
body weight. The estimations were done as a (2+ 2) doses assay, with a commercial prepara- 
tion of vasopressin as standard, and the antidiuretic activity expressed in terms of the 
Standard used. By a suitable modification in the timing of hydration (Thorn, 1957), the 
sensitivity of test animals was increased, with the result that the smallest amount of anti- 
diuretic activity assayable was that corresponding to 0-025 m-u. vasopressin/ml. Urine 
‘amples containing antidiuretic activity were treated with sodium thioglycollate. In all 
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but one case (subject Wh. Table 1) this resulted in the complete inactivation of the anti- 
diuretic activity, suggesting that the latter was of neurohypophysial origin. | 
The commercial preparation of vasopressin used for injections as well as for assays. was 
Pitressin (Parke, Davis and Co; batch LZ 231 A): it contained lysine vasopressin only, as 
shown by paper chromatography. It was labelled as containing 20 u. pressor activity/ml.: 
in this paper in stating both doses and results of assays 1 u. means 0-05 ml. of the preparation. 


RESULTS 


Water and alcohol diuresis. The results of eight experiments on adult 
subjects are given in Table 1. In all experiments the concentration of both 
antidiuretic activity and hyaluronidase fell dramatically at the height of 
the diuresis and increased again as the urine flow returned to its resting 
value, 40-90 min later. The absolute excretion rate of both hyaluronidase 
and antidiuretic activity followed the same course in all experiments. 
There was, however, a greater variation in the excretion of the antidiuretic 
activity at similar rates of urine flow (0-12—10-0 m-u./min), not only in 
different individuals but in the same individual on different occasions. 
Variation occurred also in hyaluronidase excretion but to a much si 
degree (0-52-4-42 u./min). 


TaBLE 1. Excretion of antidiuretic activity and hyaluronidase before, 
during and after water and alcohol diuresis 


Antidiuretic activity Hyaluronidase 
Subject (ml./min) (m-u./ml.) (m-u./min) (u./ml.) (u./min) 
Water diuresis 
Wh. 0-38* 10-64 4-04 0-90 0-34 
14-80* 0-53 7°80 0-00 0-00 
1-23* 8-10 10-00 1-20 1-48 
Dic. 3-00 1-82 5-46 0-85 2-55 
x 9-00 0-00 0-00 0-28 2°52 
1-00 2-40 2-40 3°85 3°85 
Im. 0-86 4-75 4/10 2-20 1-90 
6-13 0-00 0-00 0-00 0-00 
Eg. 0-68 3°35 2-28 4-60 3-13 
5-60 0-00 0-00 O14 0-78 
0-63 5-17 3°25 2-00 1-26 
3 Alcohol diuresis 
Gi. 0-90 0-12 0-11 1-32 1-19 
11-50 0-00 0-00 0-00 0-00 
1-50 0-11 0-16 1-15 1-73 
Di 9-00 0-00 0-00 0-00 0-00 
1-00 0-12 0-12 3-05 3-05 
1-16 1-60 1-86 3-80 4-42 
7:70 0-37 2°85 0-00 0-00 
1-14 1-25 1-43 1-50 1-71 
Eg. 0-53 0-10 0-53 5-00 2-65 
0-61 0-00 0-00 2-20 1-32 
0-44 0-11 0-05 7°80 3-44 


* Sodium thioglycollate oe about 45% only of the antidiuretic activity of these 
urine 
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Injection of vasopressin. Injection of vasopressin into hydrated subjects 
is known to reduce the rate of urine flow, and it was of obvious interest to 
see whether this was accompanied by an increase in excretion of hyaluroni- 
dase. An intramuscular injection of 500 m-u. vasopressin was made, 
therefore, into three normal subjects and one patient with diabetes 


insipidus. The results given in Table 2 show that hyaluronidase concen- 


tration in the urine and its total output were considerably increased in all 
four subjects during 65-90 min following the injection. The antidiuretic 
activity excreted in the urine during this period amounted to 44-11% of 
that of the injected material. 


TaBLe 2. Excretion of hyaluronidase and antidiuretic activity following 
an intramuscular injection of vasopressin into normal subjects 


Antidiuretic 
Hyaluronidase activity 
Time after excretion 
injection Urine flow A Total 
Subject (min) (ml./min) (u./ml.) (u./min) (m-u./ml.)  (m-u.) 
Mrs B. — 2-08 0-41 0-85 0-00 —_ 
_ Vasopressin 500 m-u. intramuscularly 
0-55 0-62 2:25 1-40 0-81 27-6 
: 55-70 1-33 1-40 1-86 0-76 15-2 
E. — 3-95 0-36 142 000 
Vasopressin 500 m-u. intramuscularly | 
7-30 1-28 1-80 2-30 0-11 3-4 
30—50 0-59 5-50 3:25 0-64 
7 51-90 0-68 3°23 2-20 0-44 ‘11-9 
 MrsC. 1-24 0-84 1-04 0-00 — 
Vasopressin 500 m-u. intramuscularly 
0-45 1-51 1-54 2-33 0-30 20-1 
45-85 0-93 2-74 2-55 0-98 36-3 
H.H. (diabetes 14-00 0-00 0 
insipidus) : 
Vasopressin 500 m-u. intramuscularly : 
0-30 2-30 140 . 322 0-31 
30-75 3-45 0-45 1-55 0-14 21-7 


The results of an intramuscular injection of vasopressin in two cases 
of nephrogenic diabetes insipidus (Table 3) stand in sharp contrast with 
those given in Table 2. The rate of urine flow was actually increased after 
the injection of vasopressin, possibly owing to an increase in filtration rate, 
as suggested by an increase in creatinine excretion from 14 to 16-5 mg/hr. 
There was no hyaluronidase in the urine, either before or after the injection 
of 500 m-u. vasopressin but a far higher proportion of the injected anti- 


_ diuretic activity was excreted: 47 and 80% in 65-75 min as compared 


with 5-15 % in normal individuals. 
New-born infants. In eight new-born infants appreciable amounts of anti- 
diuretic activity were found in the urine, accompanied by hyaluronidase. 
| 25-2 
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The results given in Table 4 show only concentrations, as the estimations — 


were made on the first sample of urine voided after birth, and rates of flow 
were therefore unknown. Though the concentration of antidiuretic activity 
is relatively low in comparison with that of resting urine flow in most of 
the adults, that of hyaluronidase falls within the adult range. As in the 
adults; there is a wide variation in the ratio of antidiuretic activity to 
hyaluronidase concentration. 


TaBLE 3. Excretion of hyaluronidase and antidiuretic activity following 
the injection of vasopressin in cases of nephrogenic diabetes insipidus 


Time after Hyaluroni- Antidiuretic activity 
injection Urine flow dase 
Subject (min) (ml./min) (u./ml.) (m-u./ml.) Total (m-u.) 
B.B. 1-26 0-00 0-00 
4 yr — 2-93 0-00 0-00 — 
Vasopressin 500 m-u. intramuscularly 
0-45 4-04 0-00 21:18 215 
45-75 3°75 0-00 182 
.C. 3°33 — 
174 yt 7 Vasopressin 500 m-u. intramuscularly 
0-82 3-93 0-00 0:73 235 
82-130 3:37 0-00 0-48 78 


Taste 4. Excretion of antidiuretic activity and hyaluronidase in new-born babies 


Antidiuretic 
activity Hyaluronidase 
Subject m-u./ml, u./mal, 
Bot. 0-025 4-0 
H. 0-025 0-7 
Bog 0-056 3°3 
0-074 1-7 
F 0-150 5-2 
Mu 0-237 5-3 
8 0-875 5-0 
Ma. 0-900 4-0 
DISCUSSION 


The results presented suggest that there is some relation between anti- 
diuretic activity in the urine and hyaluronidase liberation in the kidney, 
as suggested by Ginetzinsky (1958), and are in apparent conflict with the 
negative findings on man of Berlyne (1960), who found no relationship 
between hyaluronidase excretion and rate of urine flow. Berlyne, however, 
gives little detail, and presumably only one analysis was made on each 
individual in water, mannitol or potassium diuresis. Of his water-diuresis 
subjects, only one had a urine flow greater than 2 ml./min. This, in con- 
junction with the wide individual variation in hyaluronidase excretion both 
in resting urine and in response to ingestion of water, as seen in Table 1, would 
appear to offer sufficient explanation of his apparently negative results. 
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The increase in hyaluronidase excretion following intramuscular in- 
‘jection of vasopressin, both in normal subjects and in a case of diabetes 
insipidus, strengthens the suggestion that hyaluronidase is concerned in 
the production of a concentrated small volume of urine. The lack of any 
increase following a similar injection in two cases of nephrogenic diabetes 
insipidus further suggests that vasopressin can have no antidiuretic action | 
other than by liberating hyaluronidase and affords strong support to 
Ginetzinsky’s conclusion that the action of vasopressin is to render more 
permeable to water the collecting tubules in their hypertonic surroundings. 
The genetically-controlled missing link is clearly somewhere in the vaso- 
pressin—hyaluronidase probable chain of reactions, but cannot at present 
be more accurately located. | 

The failure of new-born infants to produce as concentrated a urine as 
adults cannot be ascribed to such an inability. They excrete both anti- 
diuretic activity and hyaluronidase in appreciable concentration. Heller 
(1944) found that, whereas in infants a few days old an injection of 
posterior pituitary extract caused some reduction in urine flow with increase 
in its concentration, two new-born infants so tested gave no response. 
Their urine was more concentrated than that of the older infants and their 
kidneys were presumably responding maximally to endogenously produced 
vasopressin. Heller’s results taken in conjunction with our own suggest 
that vasopressin and its tubular action necessary for the production of 
concentrated urine in the adult are already present in the new-born baby. 
The most likely cause of failure of the new-born infant to produce a concen- 
trated urine is failure to develop hypertonicity of the renal medulla which 
surrounds the collecting ducts in the adult. The kidney of the new-born 
child is known to be immature in many respects and it would not be sur- 
prising if the loop of Henle ‘counter-current’ system is not fully developed. 

The lack of any regular quantitative relation between the excretion 
rates of antidiuretic activity and hyaluronidase requires some explanation. 
The antidiuretic activity appearing in the urine is presumably related to _ 
vasopressin as in all but one case (see Table 1) it was inactivated by sodium 
thioglycollate; it appears to be filtered at the glomerulus, whereas hyalu- 
ronidase probably spills over from collecting-tubule cells, as suggested by — 
Ginetzinsky on histological grounds. In the normal subject only some 
10-15 °%, of injected vasopressin is recovered from the urine, whereas in 
the case of nephrogenic diabetes insipidus up to 80% was excreted in the 
urine during 65 min following the injection. It is tempting to postulate 
that vasopressin actually gets destroyed during its stimulation of hyalu- 
ronidase liberation from the tubule cells. In such a complex situation, it 
Would be unreasonable to expect any quantitative relation between the 
excretion rates of the two substances. 
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SUMMARY 


1. Following the ingestion of water or alcohol, antidiuretic activity 
and hyaluronidase concentrations in the urine fell at the height of diuresis 
and increased again with restoration of normal rate of urine flow. The 
total excretion of hyaluronidase followed the same pattern. 

2. Injection of vasopressin in two cases of nephrogenic diabetes insipidus 
caused no excretion of hyaluronidase, in contrast with three normal sub- 
jects and a case of diabetes insipidus, in whom a large excretion of the 
enzyme occurred. 

3. The nephrogenic diabetes insipidus patients excreted 50-80% of 


the injected antidiuretic activity in contrast with the normal 5-15 %. 


4. The urines of eight new-born babies contained appreciable concen- 
trations of both antidiuretic activity and hyaluronidase. - 

5. It is concluded that the antidiuretic hormone acts on the kidney by 
liberating hyaluronidase and that the resultant decrease in rate of urine 
flow is probably due to increased permeability of the collecting tubules, 
allowing the concentration of their contents to come into osmotic equi- 
librium with their hypertonic surroundings. 


Our thanks are due to the many colleagues who have been instrumental in making this 
research possible; Margaret L. R. Harkness for the gift of hyaluronic acid, prepared by 
herself; Professor Dent for giving us access to the clinical cases; Dr Schlesinger for organizing 
the collection of ‘new-born’ urine; Dr L. E. Bayliss for loan of the viscosimeter and for 
much helpful discussion; and last and not least those who acted as subjects. 
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THE SODIUM-POTASSIUM HYPOTHESIS AS THE BASIS OF 
ELECTRICAL ACTIVITY IN FROG VENTRICLE 
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From the Department of Physiology and Biophysics, University of 
Washington, School of Medicine, Seattle, Washington, U.S.A. 


(Received 18 July 1960) 


The aim of this study was to see whether the action potential of cardiac 
muscle can be explained in terms of a sodium—potassium theory similar to 
that proposed by Hodgkin & Huxley (1952). There is much evidence sup- 
porting the idea that an exchange of sodium and potassium ions underlies 
the electrical activity of heart muscle. Thus, conduction in cardiac tissue 
is blocked in sodium-free solutions (Overton, 1902; Clark, 1913; Draper & 
Weidmann, 1951; Brady & Woodbury, 1957). It is generally agreed that 
the membrane potentials recorded intracellularly in all cardiac tissue 
except pace-maker tissue reverse during depolarization (Cranefield, Eyster 
& Gilson, 1951; Draper & Weidmann, 1951, Brady & Woodbury, 1957). 
Weidmann (1951, 1955) has demonstrated an increase in the membrane 
slope conductance in Purkinje tissue during depolarization and a de- 
pendence of the maximum depolarization rate on the external sodium 
concentration and the initial resting potential. 

The data on exchange of radioactive ions in heart muscle are difficult to 
interpret. However, Johnson’s (1957) results suggest that the exchange of 
sodium ions in frog ventricle is stifficient to account for depolarization. 
Similarly, Wilde, O’Brien & Bay (1956) found a pulsatile increase in 
potassium efflux from beating turtle ventricle at about the time of rapid 
repolarization. The membrane resting potentials of cat auricle (Burgen & 
Terroux, 1953) and of the Purkinje fibres in calf and sheep (Weidmann, 
1956a) depend upon the external potassium concentration. On the other 
hand, Coraboeuf & Otsuka (1956) found that the peak height of the action 
potential of guinea-pig ventricle does not behave like a sodium electrode, 
but that conduction is blocked in a sodium-free medium after 15-20 min. 
Although apparently contradictory, this observation can be explained 
within the framework of the sodium—potassium theory (see Discussion). 

The experiments described here support the view that the sodium— 


potassium theory, suitably modified, adequately accounts for the electrical . 


* Present address: Los Angeles County Heart Association, University of California 
Medical Center, Department of Medicine, Los Angeles 24, California, U.S.A. 
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activity of frog ventricle. This evidence comes from studies of changes in 
the membrane resting and action potentials produced by alterations in 
the concentrations of sodium and potassium in the perfusate and by changes 
in the excitation rate. 


METHODS 


Isolated, cannulated ventricles of Rana pipiens were used throughout. Lack of coronary 
circulation, ease of cannulation of the ventricle and a maximum diffusion distance of 20, 
to any fibre are the major advantages of this experimental preparation. 


Perfusion 

After the hearts were excised they were perfused by way of a cannula tied into the ventricle 
through the atrioventricular valve. Outflow usually took place through a cannula tied into 
the truncus arteriosus. Solutions of different ionic composition were led into the perfusion 
chamber in separate lines to a common junction near the input cannula. Part of the flow 
by-passed the cannula to perfuse the exterior of the ventricle. The total dead space, ex- 
clusive of the perfusion chamber but including the ventricular chamber, was approximately 
0-3 ml. The half-time for change of solution was 10 sec, estimated from the rate at which 
the duration of the action potential changed in a solution in which the concentration of Na+ 
was half normal. The composition of the perfusates was (mm): NaCl, 110; KCl, 2-5; CaCl,, 
1-08; NaHCO,, 2:38; K,HPO,, 0-08; glucose, 5-5. When the concentration of Na+ was 
altered, osmolarity was maintained with either choline chloride or sucrose. No osmotic 
compensation was made for small changes in the concentration of K+. Solutions with high 
concentrations of K+ (above 10 mm) were obtained by diluting isotonic KCl with normal 


Ringer’s solution. The temperature of the perfusates was 18° C unless otherwise noted. 


Stimulus 


The stimulus was applied between a large sheet of platinum (20 cm®*) coiled in a side arm 
of the input cannula, and a platinum electrode lining the perfusion chamber. A 15 mA 
rectangular stimulus pulse, 2 msec in duration and floating with respect to earth, was 
applied through a 0-1 uF condenser to reduce polarization of the electrodes. A small coil 
of platinum wire earthed the solution in the chamber at a point selected to give minimum 
stimulus artifact in the recording system. Some polarization of the stimulus electrodes was 
evident and necessitated a small correction to the overshoot of the action potential. The 
correction was obtained from the difference between the recorded action potential and the 
stimulus artifact recorded just outside a fibre. In order to avoid shunting of the stimulus 
current, the flow of the solution by-passing the cannula was regulated so that it fell in drops 
into @ side arm of the chamber containing the heart. 


Intracellular potentials 


Intracellular recording was accomplished with flexibly mounted 0-5 1 Ling-Gerard micro- 
electrodes (Woodbury & Brady, 1956). Momentarily returning the 10! Q grid resistor of 
the input circuit to earth through a 10 V source gave a direct measurement of electrode 
resistance. In this case the current through the grid resistor was such that the voltage change 
at the input. in millivolts was equal to the electrode resistance in megohms. Electrode 
resistances ranged from 30 to 100 MQ. Tip potentials (Adrian, 1956) were not measured 
and may be partly responsible for the large observed variation in resting potentials. Voltage 
calibrations were obtained by applying —10, —50 and — 100 mV potentials across a small 
resistance in the indifferent lead from the perfusion chamber to earth. 

An RC circuit with an appropriate time constant at the output of the voltage amplifier 
performed the differentiating operation. The time constants used were: 5 msec for phases 
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land 2, 1 msec for phase 3 and 0-05 msec for depolarization. The derivatives were calibrated 
by inserting a 150 mV sawtooth wave which had a slope of 0-10—1-0 V/sec between earth 
and the recording chamber. 


DEFINITIONS AND APPROXIMATIONS 


Definiton of symbols 
[Na*],, [Na+]... Ton concentrations in external and internal solutions (mm). 
V Membrane potential taken as potential of inside minus potential of 
outside (mV). 


Vi» Vx» Von Equilibrium potentials of Na+, K+ and Cl-; e.g. Vx, = 58 
[Nat],) mV. 

V Rate of change of V with respect to time (V/sec). 

at the four successive inflexion points of the action potential. 

i Membrane current density; from definition of V, outward current is 
positive (A/cm). 

Tp: Membrane ionic current density (A/crm?). 

Lo _ Respective ionic currents (A/cm*). . 

Membrane capacity (yF/cm?). 

a Mean fibre radius, taken as 5 p. 

pi Specific resistivity of myoplasm, taken as 200 ohm.cm. 

u | Conduction velocity, taken as 20 cm/sec. 

t Time (sec or msec). | 

tap Duration of action potential measured between points of 10mV 
depolarization. 

t, Time interval between successive stimuli. 

t Resting membrane time constant. 

T,,T, Short and long time constants of gy, inactivation. 

AP Action potential. has 

9, Jer Total, Nat, K+, Cl- membrane chord conductances (mmho/cm?). 

G, Gx, Gy Total, Na+, K+, Cl- membrane slope conductances (mmho/cm?). 

1, a, .p Subscripts denoting values of any variable at rest, at the peak of 
activity, and in the plateau period respectively. 

Approximations 
The total membrane current flow is the sum of the ionic and capacitive components: 
Im = 1,4+0V. (1) 


If local (i.e. total membrane) current flow is negligible compared with ionic flow, then the _ 
ionic current through the membrane at any time is proportional to the time derivative of 
the action potential: 3 

I, = —OV. (2) 


Local current flow is proportional to the second spatial derivative of V. If activity propa, 
gates at constant velocity, then local flow is also proportional to V, the second time deriva- 
tive of V, i.e. I,, = aV/2p,u?. 

The validity of the approximation in equation (2) can be checked by estimating mem- 
brane current when V is maximum on the rising and falling phases of the action potential 
and by comparing these estimations of the current with the corresponding values of CV. 
Representative values of V and V are 2 x 104 V/sec* and 10 V/sec for the rising phase, and 
80'V/sec* and 0-4 V/sec for the falling phase. If C = 30 pF/cm? (Trautwein, Kuffler & 


Edwards, 1956), the calculated peak local current is 6 x 10-5 A/cm* during depolarization, 


while CV = 30x 10-* A/cm*. Thus, when V is maximum, I,, is only 20% of CV, s0 —CV 
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is @ fairly good approximation of the membrane ionic current. A similar calculation for 
repolarization gives a total membrane current of 2-5 x 10-7 A/cm*, and a capacitative current 
of 120 x 10-" A/em?. In this case, capacitative current is 50 times the membrane current. _ 

The conclusion that I,,, is negligible was verified by recording the time derivatives of action 
potentials elicited by threshold and maximal stimuli. With a maximal stimulus the latency 
of response was extremely short, and, since the conduction velocity was effectively infinite, 
I,, was close to zero. No difference in the derivatives during repolarization could be detected. 
Depolarizations could not be checked carefully because the artifacts were large, but there 
were no gross changes in slope. It is valid, therefore, to describe altered repolarization in 
unusual ionic media in terms of variations in membrane ionic current. Depolarization currents _ 
may be estimated in a similar manner, although less reliably. 

Since the membrane ionic current can be estimated from V, it will be useful to express 
this current in terms of its components, with the assumption that ionic current is carried 
only by Nat, K+, and Cl- (Hodgkin & Huxley, 1952): . 

I, = —OV = gy, (V-Vy.)+9x (V-Vx) +90 (3) 
Since J, and equilibrium potentials can be approximated, this equation serves to eliminate 
one of the unknown conductances. V also offers a convenient method of defining the phases 
of repolarization introduced by L. A. Woodbury, Hecht & Christopherson (1951). Thus, 
phase 1 corresponds to the region of the first maximum slope (not always present in frog 
ventricle); phase 2, to the succeeding minimum slope; and phase 3, to the final maximum 
slope. 


RESULTS 

A reduction in [Na+], has dramatic effects on the size and shape of the 
action potential (Fig. 1). Conduction block occurred when the substitution 
of choline for Nat had reduced [Nat], to 15% of normal or when the 
substitution of sucrose had reduced [Nat], to between 5,and 10% of 
normal. In both sucrose and choline solutions overshoot decreased as 
[Nat], declined, although the drop was somewhat less in the former. 
Reduction of [Na+], with choline substitution progressively decreased the 
duration of the action potential. Sodium concentrations in the 40-80% 
range, with sucrose substitution, shortened tp very little or occasionally 
elongated it; but in less than 50% [Nat]o, tp always shortened. 


Effects of sodium Depolarveation 
Membrane potential reversal. The mean overshoot of the AP recorded 


from 52 impalements was 20-6 + 0-9 mV (s.x.). Ware, Bennett & McIntyre 


(1957) report an overshoot of 18-9 mV in frog ventricle. These two values 
are slightly higher than those for the same tissue reported elsewhere in the 
literature (13 mV, Woodbury et al. 1951; 14mV, Trautwein & Zink, 
1952; 16 mV, Kleinfield, Stein & Meyers, 1954). The variation of overshoot 
with [Na*], is shown in Fig. 2. Choline replaced Nat in equimolar quanti- 
ties. From 120 to 40% [Na+], the changes in overshoot closely paralleled 
changes in Vx,. The lower line in Fig. 2 is drawn through the overshoot in 
110mm [Nat]; the slope is 58 mV/decade. This line corresponds to a 
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[Na+], of 48 mm. Hajdu (1953) and Johnson (1957) reported [Na+], of 
17-9 m-mole/l. fibre water and 14 m-mole/kg cells, respectively, in frog 
yentricle. These values correspond to a normal Vy, of 46 mV (upper line, 
Fig. 2) if the cells studied by Johnson are assumed to be 80% water. The 
failure of the overshoot to reach Vy, probably means that the sum of the 
K+ and Cl- currents is appreciable at the peak of the action potential. 


A 


at 


100% [Na], 


100% [Na], 


800 1000 1200 1400 


msec 
Fig. 1. Tracings of ventricular action potentials in 100, 40 and 20 % normal [Na*], 
with sucrose (A) and choline chloride (B) replacing NaCl. Temp. 15° C. 


Evidence for appreciable Cl- current is the finding that there was less 
decrease in overshoot with reduction of [Na+]. when sucrose replaced NaCl 
(Fig. 1), than when choline replaced Na+. With sucrose replacement the 
mean action potential amplitude in 88 mm-Na+ was 9 mV higher than in 
110 mm-Na* (overshoot was not meagured in these experiments because 
there was drift in the recording system). Cl- current will be considered 
further in the discussion. — 

The deviation of the overshoot toward zero potential when the [Nat] 
was less than 60% (Fig. 2) might indicate a loss of intracellular Nat. It 
ean be seen from Fig. 2 that the overshoot when [Na+], was 30% could 
have resulted from a loss of one third of the intracellular Na+ during the 
$min perfusion period. This explanation is rendered less likely by the 
Tapid time course of the change, the half-time being approximately 7 min. 
Hajdu (1953), who substituted maltose for NaCl, found a 30 min half-time 
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for Na+ loss when [Nat], was 30%. Alternatively, this effect is similar to, 
but not as drastic as, the lack of variation in overshoot observed by Cora- 
boeuf & Otsuka (1956) when they altered the [Nat] in a solution bathing 
guinea-pig ventricle. 

Depolarization rate. The maximum rate of depolarization in normal 
[Nat], averaged 30+1:5 V/sec (40 measurements). Ware et al. (1957) 
reported a mean of 33-9 V/sec in frog ventricle. The dependence of de- 
polarization on [Na+], in a single impalement is shown in the insert in — 


Overshoot (mV) 


10 | | 20 30 40 50 60 80 100 150 
) [Na], (% control) | 


Fig. 2. Membrane potential overshoot as a function of log [Nat],.. Choline 
replacement of Na+. Vertical bars are +2:s.£. Top line is Vx, calculated for 
[Nat], = 18mm. Bottom line is drawn through mean recorded overshoot in 
110 mm-Na*+ with slope of 58 mV/decade and corresponds to [Nat], = 48 mm. 
Numbers in circles are intracellular Na+ concentrations necessaryfor Na+ concentra- 
tion potential to equal recorded overshoot. Stimulus rate 20/min, temp. 18° C. 


Fig. 3. The maximum depolarization rate, although considerably lower 
than that in nerve or Purkinje tissue, was nevertheless markedly sensitive 
to [Nat],. The depolarization rate varied enormously among fibres in a 
restricted area. The least-square line (Fig. 3) which passes through zero 
within one standard error indicates that Na+ carries all the current 


necessary for depolarization. No consistent Jevstts of ie on resting 
potential were found. 
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Effects of potassium 

Resting potential. The mean of 77 measurements of resting potential 
while the tissue was in normal Ringer’s solution was — 79+ 1:3 mV. Ware 
a al. (1957) found a mean of — 84-5 mV. These values are considerably 
higher than those reported by others (— 62 mV, Woodbury, Woodbury & 


100% [Na]. 
Or. 
E 
fo 
a : 
$ 0 50. 100 msec : 
: 
3 
10 20 70 90 90 100 
[Na], (% control) 


Fig. 3. Maximum rate of depolarization, measured electrically, as a function of 
[Na*],. Line is a least-square fit of data: slope, 0-257 + 0-021; intercept, 0-7 + 1-5. 
Sucrose replaced NaCl. : 

Inset: depolarization in 100, 60, 40% norma? [Nat], in a single impalement 
(upper tracings); electrical time derivative of depolarization (lower tracings) ; 
differentiating time constant = 50 psec. Voltage and derivative calibrations shown 
on left, time base below. Upward deflexion preceding depolarization in upper 
tracings is stimulus artifact. Successive tracings are displaced slightly to the 
right for clarity. 


Hecht, 1950; -—65 mV, Woodbury ef al. 1951; —64mV, Trautwein & 
Zink, 1952; —58 mV, Kleinfield et al. 1954). According to Hajdu (1953) 
frog ventricular cells contain 89 m-mole Kt/l. cell water. If [K+]o is 
assumed to be 2-5 mm, = —90 mV. A discrepancy between V, and Vz 
has also been observed in nerve and skeletal muscle (cf. Adrian, 1956). 
A possible explanation for this finding is that the process of active Nat 
extrusion in ventricle is similar to that of nerve, where an obligatory K* 
uptake accompanies active Nat extrusion (Hodgkin & Keynes, 1955). 
The variation of V, with [K+], is shown in Fig. 4 (solid dots). The line 
represents V, if it is assumed that [K+], = 89 mm. Except at high values 
for [K+], the curve is closely similar to that observed in other types of 
herve and muscle fibre. The rate of change of V, with log. [K+]o was rather 
greater than 58 mV/decade at moderate concentrations and rather less at _ 
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high concentrations. Little significance can be attached to the latter 
observations, since few measurements in high [K+], were made. However, 
that the rate of change of V with [K+], was greater than 58 mV/decade 
over part or the range appears to be statistically significant. The cause of 
this effect is unknown. 

Overshoot. Overshoot decreased as [K+]o increased. Weidmann (1951) 
has shown that the overshoot in Pu issue, as in nerve, depends on 
the initial V,. The reduction of overshoot accompanying the decrease in V, 
induced by a high [K+], found in this investigation was of a similar mag- 
nitude (Fig. 4, open circles). Altering both [Nat], and via resulted in 

roughly additive changes in overshoot. 


(13) 


Resting potential (mV) 


Overshoot (mV) 


30F (4) 


0 01 05 10 25 10 50 100 200 
[K*], (mM) 


Fig. 4. Resting potential (@) as a function of [K+], on logarithmic scale; vertical 
bars are +2s.£. Line is K+ concentration potential drawn through assumed 
[K+], of 89 mm with a slope of 58 mV/decade. Abscissa is broken to show resting 
potential in K*-free perfusate. ©, action potential overshoot as a function of 
log [K*+];. Number of impalements shown in parentheses. Temp. 18° C. : 


Effects of sodium : 
Choline replacement. The duration of the action potential was dramatic- 
ally shortened when [Na+], was reduced by replacing it with choline 
(Fig. 1A, Fig. 5, open circles), At 18° C the relationship between t,p and 
[Nat]. was linear between 110 and 20 % normal [Nat]p. At 10°C the 
relationship was less linear, being more concave downward, Above 110% 
normal [Na*]o, ¢ ap Was shortened. Other hypertonic solutions also 
shorten t,p; e.g. in a perfusate made 25% hypertonic by addition of 

sucrose, ¢,p decreased by 44% in 8 min. 
Sucrose replacement. If sucrose was used to replace NaCl, t,p varied 
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widely (Fig. 1B; Fig. 5, dots). On the average ¢,, shortened very little 
until only 40% normal [Nat], remained in the perfusate. 

Probably at least two factors are involved in the differences between the 
effects of choline chloride and sucrose as substitutes for NaCl. (1) The 
choline may well have had an acetylcholine-like effect of increasing K+ 
efflux. Thus, Hoffman & Suckling (1953) showed that acetylcholine dra- 
matically decreases the duration of the action potential in mammalian 


120 


(3) 


tap (% control) 


L 
120 


° 
8 
8 
8 


[Na], (% control) 


. Fig. 5, Action potential duration (t,p) as a function of [Na+], with sucrose (@) and 
choline chloride (©) replacing NaCl. Each point represents one action potential 
in sucrose solution. Line is least-square fit of data in choline solutions, excluding 
values for 120% normal [Na*],. Stimulus rate 20/min, temp. 15° C. 


auricular fibres. Trautwein ef al. (1956) have published evidence that 
acetylcholine increases the conductance of frog auricular fibres and Harris 
& Hutter (1956) have shown that both influx and efflux of “*K are increased 
in frog sinus venosus by acetylcholine. Hajdu (1953) states that choline 
chloride exerts an acetylcholine-like effect on the staircase phenomenon 
by increasing the net loss of K+, and that this effect is abolished by atropine. 
(2) The fact that t,» was often prolonged when sucrose replaced a portion 
of the NaCl in the bathing solution suggests that Cl- normally carries an 


_ appreciable current in normal repolarization. Thus, when both [Cl-]o 


and {Na+}, were reduced, ¢,» was greater because the overshoot was not 
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greatly affected and because a longer time is needed if K+ current alone 
recharges the membrane. The duration of the action potential changed in 
the same manner with sucrose substitution as with choline substitution if 
the ventricle was first perfused with a choline solution. This result indicates 
an irreversible acetylcholine-like effect. 

Either choline or sucrose substitution caused a marked reduction in the 
plateau voltage. The effect was expected on the supposition that influx of 
Na* is the cause of depolarization and the maintenance of the plateau. 
The exaggeration of the slope of the first phase was also expected, since 
the peak of the action potential is nearer V,, and a decrease in inward Na+ 
current will have less effect on V at this time than later when some re- 
polarization bas occurred. However, the reason for the development of a 
first phase inflexion in low [Nat] is not evident (see Discussion). It is also 
of interest to compare with the effects of progressively reduced [Nat], 
the effects of progressively increased hyperpolarizing currents, applied for 
the duration of the action potential (Cranefield & Hoffman, 1958), and 
those of vagal stimulation (Hoffman & Suckling, 1953; Woodbury & Brady, 
_ 1956). In all three cases the first phase becomes more and more prominent 
and the second phase less and less prominent until all three phases finally 
fuse into an uninflected repolarization. 


Effects of potassium | 
The shortening of ¢,> with increasing [K+], (Brady & Woodbury, 1957; 
Weidmann, 1956)) is unexpected from the point of view that repolarization 
is accomplished by a net outward current of K+ driven by (V-V;). 
Although a change of [K+], has little effect on the currents of phases | 
and 2, such a change probably does alter membrane conductance to K+ or 
Cl- during phase 3, because the maximum rate of repolarization is roughly 


proportional to [K*], (Brady & Woodbury, 1957). 


Effects of frequency of excitation on repolarization 

Several investigators have found a monotonic relationship between t 4p 
and stimulus interval (Siebens, Hoffman, Gilbert & Suckling, 1951; Wood- 
bury et al. 1951; Trautwein & Dudel, 1954). This effect has been confirmed 
and extended in these experiments. The duration of the action potential 
reached a plateau for ¢, greater than 3 sec at 18°C: For a ¢, less than 
0-5 sec the AP markedly undershot and became erratic in amplitude. It is 
difficult to excite the ventricles at rates higher than 80—90/min unless the 
stimulus rate is increased very gradually; i.e. without interruption of the 
stimulus train. If the ventricle fails to respond to even one stimulus, 
excitation occurs at a submultiple of the applied stimulus frequency. In 
reduced [Na+], the shortening of ¢,, was even more pronounced as the 
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stimulus rate was increased. In 50% normal [Nat]o, excitation rates up 


to 300/min were readily attained. 


Superimposability of action potentials 
Figure 6 illustrates the large degree to which the later phases of re- 


_ polarization are superimposable when excitation rate is changed. The 


tracings were adjusted for best superimposability mainly by a simple shift 


in time. In some instances, particularly at 50% [Nat]o, adjustments in 


me. 4 
b= 
VY 
4 é 
0 05 10 0 
Seconds Seconds 
| 
x 
- 
: 
0 05 10 0 05 
Seconds Seconds 
Fig. 6. Tracings of action potentials adjusted for best fit of repolarization phases. q 
Zero base lines of tracings do not necessarily correspond. A, traéings’in normal s 


Ringer’s solution, stimulus rates 25, 50, 120, 130/min respectively, left to right. 
B, tracings in 50% normal [Nat], at stimulus rates 25, 55, 90, 125, 230/min, 
respectively. C, tracings in 50% normal [Nat*],, K*+-free at stimulus rates 20, 50, 
85, 120/min, D, superimposed tracings: a, normal Ringer’s solution, 128/min; 
b, 50% [Na],, 0% [K*],, 122/min; c, 50% [Na],, 27/min; choline replacement of 
Na* in all cases. 


the vertical position of a few millivolts were also required. In normal 
Ringer’s solution the repolarization phase of the shorter action potentials 
appeared to start from a lower reversal potential, but traversed a final time 
course nearly identical with that of longer action potentials. At relatively 
high rates V, decreased, possibly because of K+ accumulation outside the 
membrane during activity. The reduction in V, would reduce the overshoot, 
which in turn would decrease t,p. This possibility is also suggested by 
Carmeliet & Lacquet’s (1958) finding that the variation of tp» with rate 
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of excitation shows the same exponential relation as the variation oft,,. _ 
with [K+]o. On the other hand, since the maximum rate of depolarization 
depends on [K*]o, at least in frog ventricle (Brady & Woodbury, 1957), 
shortening of t 4p due to K+ accumulation is not superimposable (see 
Discussion). 

As Fig. 6 clearly demonstrates, superimposability holds only when ¢,;, is 
changed by altering ¢,. Changes int, produced by varying [Nat]> or [K*], 
also change the shape of the AP. The lower right-hand tracings in Fig. 6 
show the form of repolarization when action potentials of similar durations 
were produced by different means. It is of interest that b and c have almost 
identical contours with more than a fourfold difference in excitation rate. 
The sizable fall in plateau voltages in b and c (lower right) suggests the 
presence of a slowly decreasing inward Na* current in early repolarization, 
since these potentials were recorded at a lower[Na*])than that influencing a. 


DISCUSSION 


The process of depolarization is probably the same in the heart as it is 
in the squid axon. The main problem in heart muscle, therefore, is to 
describe the process of repolarization. A hypothesis is developed here to 
explain qualitatively most of the observations on the repolarization of 
cardiac action potential with only minor modifications of the Hodgkin- 
Huxley theory. This hypothesis is quite speculative: the facts are in 
accord with it but they do not serve to eliminate a number of alternatives. 
Weidmann’s (1951) early speculations were similar but less detailed. More 
recently, Coraboeuf, Zacouto, Gargouil & Laplaud (1958), and Shanes 
(1958) have speculated along much the same lines. 


Depolarization 


There is considerable evidence that Na* is the depolarizing agent in 
frog ventricle. {1) Excitability is abolished in Na+-free solutions. (2) The 
rate of depolarization and overshoot depend on [Na*]o. Although the 
maximum rate of depolarization varied greatly from fibre to fibre, the 
reduction of V, in low [Na+], is convincing in a single impalement. No 
additional ions are needed to carry the required depolarizing current, since 
the curve relating V, to [Na+]. (Fig. 3) passes through the origin. If all 
the depolarizing current is carried by Na+, peak gx, can be estimated by 
setting 9 = 9x = 0 in equation (3); gy, = —CV,/(V—Vx,). Assuming a 
high value for C (30 .F/cm?), V; = 30 V/sec; V = —40 mV and Vy, = 
50 mV; then gx, = 10 mmho/em*, Hodgkin & Huxley (1952) found a 
maximum gy, in squid axon of about 25 mmho/cm?; even higher values 
have been reported by Cole (1958). Thus, no unreasonable magnitude of 
Jn 18 required in the heart. 
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The failure of the overshoot to reach Vy, is most readily explained by 
assuming that a considerable inactivation of g,,, has occurred at the peak 
of the action potential ; i.e. g¢ +9, is appreciable at this time. Equation (3) 
can also be used to estimate gy,/(7q +9) at the peak of the action potential 
where V = 0 and J; = 0. If it is assumed that VY, = Vy = VJ, and that 
V,= —80mV, V, = 20mV and Vy, = 46 mV, then gy,/(9n+9c)) = 4. 
The same ratio in squid giant axon is about 6 (Hodgkin & Huxley, 1952). 
In squid axon the ratio is as low as this because g, has risen appreciably 
by the peak of the action potential, although 9,,, is still near its peak value. 
Since there are indications that g, does not increase and may in fact 
decrease in heart tissue following depolarization (Weidmann, 1951), the 
low 9xa?(9x +9q) ratio of the ventricle at the peak of the action potential 
can be attributed to inactivation of gy, rather than to an increase in gx 
(Johnson, Robertson & Tille, 1958). 

As mentioned previously, Coraboeuf & Otsuka (1956) mame that a 


- peduction of [Na*], well below 25 % of normal had little effect on the over- 


shoot of the action potential of guinea-pig ventricle. However, excitability 
was lost in 5% solutions in about 20 min. Déléze (1959).confirmed these 
observations on the overshoot, but also found that V;, fell to one third of 
normal in 25% [Nat]. This observation is strong evidence that Nat is 
the depolarizing agent. The lack of effect on overshoot is puzzling, but 
similar to the effects of a [Na+], of 50% or less on frog ventricle (Fig. 3). 
Possible explanations are: (1) the rate of rapid inactivation of gx, is 
decreased in low [Nat], solutions, and (2) the degree or rate of fall of Ox 
following depolarization is affected by [Nat*]o. 


Repolarization 


A number of facts hint at the basic mechanism of semdiiiaiien 
(1) Action potentials of different durations are approximately super- 
imposable if shifted in time. (2) The duration of the action potential and 
the voltage of phase 2 depend directly on the excitation interval and the 
[Na*].. (3) In an experimental approximation of total slope conductance 


(@) during repolarization in Purkinje tissue, Weidmann (1951) found that 


G falls to about one third of its diastolic value at the end of the second © 
phase and returns to normal with rapid repolarization. The results of 
Coraboeuf et al. (1958) on guinea-pig ventricle were similar except that @ 
was greater throughout the plateau than at rest. 

The first two points indicate the dependence of changes in chord con- 
ductance on time and voltage, whereas the third drastically limits the 
characteristics of the chord conductance changes which may be involved. 
The superimposability of the trailing edges of action potentials indicates 
that the chord conductances are voltage-dependent in the superimposable 
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range. On the other hand, the slow fall of the potential during the plateau 
and the variation in plateau length with stimulus interval suggest that 
the conductance changes responsible for the maintained depolarization are 


time-dependent. These inferred conductance changes are a qualitative 


description of the behaviour of g,,, in squid axon during activity (Hodgkin 
& Huxley, 1952), although the time scale for them is much slower. 

The following postulates concerning altered conductance during 
activity, and the manner in which they explain many of the observed 
phenomena, will aid discussion of the similarities between action potentials 
in cardiac muscle and in squid giant axon. (1) Following depolarization, 
Jnq follows a double exponential decay—a large rapid fall (order of milli- 
seconds) succeeding the high g,,, of depolarization and a small, slow decline 


_ (order of seconds) responsible for the plateau phase. (2) Following re- 


polarization, available g,,, is reconstituted over about the same time course 
the large, rapidly decaying part recovering quickly and the small, slowly 
decaying part recovering slowly. (3) Chloride conductance is constant 
throughout activity. (4) Sudden depolarization causes a reduction in g, 
over a rather long time; i.e. the cardiac membrane exhibits anomalous 
rectification similar to that of skeletal muscle (Hodgkin & Horowicz, 
1959). The most direct evidence for a fall in the g, in heart is the absence 
of an increase in K+ efflux when the excitation rate is increased (Brady, 
unpublished). If this observation can be taken at its face value, /,, must 
decrease to nearly zero during the plateau to compensate for the Kt 
efflux required to repolarize the membrane. Another reason for supposing 
that g, decreases during activity is that Na+—K+ exchange is reduced, so 
that the load on the Nat—K* pump is reduced. However, a fall in g, is not 
an essential element of the hypothesis. 


Hypothetical events of repolarization 
Following a threshold depolarization, g,,, and V increase regeneratively. 
Na* conductance reaches its peak value at or shortly after the inflexion 
point of the rising phase and has fallen to the comparatively low value of 
four times (gx +9) at the peak of the action potential. The rapid phase of 


inactivation is probably near completion at this time. During the plateau, 


inward Nat current must very nearly equal the outward K+ and Cl- 


currents, since V is nearly zero. The voltage falls slowly because gx, is 


slowly inactivating, with a consequent decrease in inward Na+ current. 
Rapid repolarization begins when V reaches a range in which some con- 
ductance varies rapidly with V. Since g, is presumed to have decreased 
with depolarization, it probably is rapilly increasing at this time; thus the 
net outward current and the rate of repolarization increase. Since there is 
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‘some residuum of slowly inactivating g,,, it must also be supposed that 
9x, is turned off by repolarization. 

The absolute refractory period ends at about the third phase inflexion 
point. Inactivation of g,, must be maximum at this time. As repolariza- 
tion proceeds the rapid part is quickly reactivated, for an action potential 
evoked when V is about 10 mV above the resting value is near its full 
height. However, the slowly reactivating part is still small, for an action 
potential elicited at this time has a full height but a short duration. Thus, 
stimuli following repolarization will produce successively longer action 
potentials as the slow fraction recovers. Thus, if slow reactivation is 
exponential, the ¢,,-t, curve should also be exponential. Carmeliet & 
Lacquet (1958) give time constants of 1-0—1-5 sec for the ¢,,-¢, curve in 
frog. | 
| Membrane currents and conductances 


Slope conductance. The limitations imposed by Weidmann’s results can 
be inferred from the relationship between chord conductance as defined 
by equation (3) and slope conductance as estimated with applied current 
pulses. Total slope conductance, CG’, is defined as the rate of change of ionic 
current with respect to V; i.e. G = O1,/0V at I; = 0. Diteeiaton of 
_ equation (3) gives: 


= + 0x + (VM) + (4) 


- Weidmann estimated G by measuring the change in membrane voltage 
(AV) produced by an applied current (I,). The quantity J,/AV, after 
correction for cable properties, is an approximation of 0/,,,/0V. Since J,, is 
the total membrane current, the relationship between 0/,,/0V and G can 
be obtained by differentiating equation (1) with respect to V. Thus 


al, Cav al, ov. 
av ov or G=a7- (5) 


_ That is, to learn the value of G, the portion of the applied current flowing 
through the membrane capacitor must be subtracted from, 0/,,/8V. The 
_Tesults of Cranefield & Hoffman (1958), and Tanaka (1959), indicate that 
the COV /2V term is no more than about 20 % of the total value of d/,,,/0V 
during repolarization in cat ventricle and frog atrium. The 0V/0V term 
will henceforth be neglected. 

Since by postulate g,,,, increases with V, 2gy,/0V is a positive quantity; 
therefore, (V—Vy,,) (09 y,/0V)is always negative. Thus, slope Na* conductance 
is always less than or equal to chord conductance, since Gy, = 9na+ 
(29,/8V). During rapid depolarization when and (V-V x,) 
are large, it is quite possible that Gy, becomes negative. Even if g, 
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remained constant at its resting level during activity, @ could still follow 
a time course similar to that found by Weidmann, despite the fact that 
total chord conductance would be greater than normal at all times. 
Similarly, if depolarization decreases g,, Gy is less than g,. Further, if 7, 
is increasing while gx, is decreasing, and if g, is not too large, total G 
might become negative. 

Chloride current. If Cl- is not actively transported and the membrane | 
is readily permeable to Cl-, Y, should be close to the average voltage (V) 
in a steadily beating heart, for t, = 3sec V approximates to —50 mV. 
A Vi of —50 mV should speed early and retard late depolarization and 
repolarization. The smaller reduction in V, in low-NaCl solutions relative 
to low-Na solutions (Fig. 1) is consistent with this view for depolarization. 
The longer ¢ , p in sucrose substitutions could result from a relatively higher 
overshoot and a higher plateau voltage, since Cl- current is not available 
to help repolarization. Recent experiments with Cl- substitution indicate 
that 9g, in heart tissue is not as large as in skeletal muscle, but is of the 
order of 0-2 g,. Hutter & Noble (1959; O. F. Hutter, personal communica- 
tion) estimate g,, as 0-23 g, in mammalian Purkinje fibres. 

Sodium and potassium currents. Hodgkin & Horowicz (1959) point out 
that the behaviour of the skeletal muscle fibre membrane is probably 
diphasic in time, i.e. the falling phase of the action potential is brought 
about by a delayed increase in gz, whereas if the depolarization is main- 
tained, gy, eventually decreases below the resting value. It is tempting to 
suppose that the fall in 9, following an abrupt depolarization is compara- 
tively slow in cardiac tissue. Such a supposition could explain the double 
peaks of the action potential in the cat ventricle (Cranefield & Hoffman, 
1958) and possibly the appearance or exaggeration of the first phase in the 


action potential of a frog ventricle when [Na*]» is low (Figs. 1, 6). The first 


maximum in the cat ventricular action potential is brought about by 
rapid gy, inactivation. As g,, falls, J exceeds I, and V becomes nega- 
tive. However, gy is also falling rather slowly and, at the completion of 
the rapid inactivation of gy,, I, falls below J,, momentarily, making 
V positive. 

The effects of a low [Na+], on the action potential are roughly what 
would be expected from a decrease in inward current. However, the 
occurrence or accentuation of a first phase when [Nat], is subnormal is 
difficult to explain. In fact, the development of an inflexion point in the 
plateau phase where the slope is minimum seems to require the postulation 
of a process in addition to slow inactivation. Reduction in Vx, alone should 
steepen the slope at all times in proportion to the change in (V—V,,) 
between the two solutions. The widely disparate time courses of the first 
phase when NaCl is replaced by choline chloride and by sucrose (Fig. 1), 
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and the fact that the point of minimum slope occurs at about the same 
yoltage in the two cases, suggest that a voltage-dependent rather than a 
time-dependent process is involved. On the other hand, if sucrose re- 
placement markedly reduces total membrane slope conductance, the 
longer time course could be explained as well by a time-dependent pheno- 
menon such as the delayed fall in gy following depolarization that was 
mentioned above. A voltage-dependent phenomenon that might explain 
the occurrence of a first phase is a dip in the J,—V curve at the voltage of 
the inflexion point of the second phase. Such a dip might be obscured by 
the high J, and J,, in normal [Na*]> and [Cl-]o. However, the dip might 
noticeably affect V when J, is reduced by sucrose replacement of NaCl 
or if J, is increased by choline replacement of Na+. Freygang & Adrian 
(1960) found that the J,—V curve for frog muscle fibres soaked in a 
100 mm-K choline sulphate solution had a dip at V-V; = 60 mV. They 
also found that the P,, (V—V,) curves are about the same shape regardless 
of [K*+]o. Thus the dip in the /,—V curve may well occur at a normal 
value for [K*],. A dip at oe = 60 is in approximately the right 
place. 

Superimposability. As ‘anastiianed above, superimposability suggests 
that conductance changes are voltage-dependent and that the cause of the 
shortening of ¢,, with ¢, is a reduction in the amount of slow gy, available; — 
i.e. the decreased diastolic interval limits the reconstitution of gy,. This 
quantity determines the height of the plateau and thus the duration. That 
t4p depends on plateau rather than on overshoot can be seen from the 
two left-hand action potentials in Fig. 6, lower left. Although they have 
the same peak height, their durations differ by 200 msec. Thus the dura- 
tion of repolarization is accurately determined by the membrane voltage 


‘| present 100-200 msec after the upstroke. 


The phenomenon of superimposability does not severely limit the 
mechanisms underlying repolarization, as has been demonstrated in 
attempts to predict the cardiac action potential from mathematical 
formulations of the postulated conductance changes. Several formulations 


quite successfully predict the time course of the cardiac action potential, 


the change in ¢,» with stimulus interval and the superimposability of these 
action potentials. An example is shown in Fig. 7B. The superimposed 
action potentials of different lengths represent solutions of the differential 
equation (3) for various initial values of the slow component of gyg. 
Comparison of Fig. 7B with Fig. 6, upper left, shows a remarkable simi- 
larity between the two families of curves. However, this particular formu- 


lation must be rejected because slope conductance assumes large negative 


values during the third phase. 
- Careful examination of the results obtained by Weidmann (1951); 
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Cranefield & Hoffman (1958) and Tanaka (1959) leads to the conclusion 
that slope conductance is positive throughout repolarization. Considera- 
tion of the definition of slope conductance (equation (4) and previous line) 
shows that if G is positive the system is stable; i.e. V approaches zero at 
that voltage where the J;(= —CV), V curve passes through zero. If is 


negative, the voltage where J; = 0 is an unstable equilibrium point. A 


small displacement, say in the form of an applied current, will cause a 
regenerative increase in V, i.e. threshold behaviour. A small current pulse 
applied to a membrane will produce a voltage change with an uninflected 
time course if G is positive. Upon cessation of the current the voltage will 
return to near its original path. On the other hand, if G@ is negative an 
applied pulse will produce an inflected voltage change and radically alter 
the time course of the subsequent potential change. Experimentally, 
a depolarizing current, even a small one, changes the sign of V. This shows 
that during repolarization V stays near its stable equilibrium voltage, 
which is slowly decreasing. This behaviour is different from that of the 
squid giant axon, where the slowly increasing g, following the upstroke 
abolishes the unstable equilibrium (threshold) point and the stable point 
near V,,,, and repolarization proceeds rapidly from near Vy, along a positive 
slope /,-V curve toward the sole remaining, nearly stationary stable point 
near V,,. This is not to say that a sufficiently strong repolarizing current will 
not restore the cardiac cell membrane to the resting state. Weidmann 
(1951) and Cranefield & Hoffman (1958) have produced early repolarization 
by applied currents, but only after bringing the membrane potential to 
#@ value near the resting level for a considerable period. In this case the 


transition or threshold voltage is outside the range of those passed through 
in normal repolarization. 


Mathematical formulation. Although several mathematical descriptions of the ionic 
currents quite accurately predict the shape of the action potential, none have given a 
positive slope conductance throughout repolarization. The most successful model developed 
was derived by supposing that fast repolarization is largely due to K+ and that g is less than 
or equal to g,. This assumption requires that the resting membrane time constant (7) be 
only about 5 msec. With assumed values for Vx and gy,, and measured values for V, 
calculated from J, = —OV—g,y,, (V-Vx,). For simplicity of calculation, was 


taken as zero. Values of gg = I,/(V—84) are well described by the equation 


| 0-78 


over the voltage range —84 to —54 mV. At larger voltages the calculated J, diverges from 
the estimated value. The excess is attributed to an increasing I,,. Ix, values at each « 
voltage were corrected for inactivation by multiplying by exp (¢/1000), where ¢ is the time 
after depolarization at which the action potential passed through that voltage and 1000 msec 
is the assumed time constant of inactivation. The corrected Ix, was divided by V—40 to 
obtain gx.; is moderately well described by gy, = (0-70 exp V/27+ 0-033) g,. Since this 
slowly inactivating component of gy, has a slow voltage-dependence, a separate highly 
voltage-dependent term for the rapidly inactivating (5 mseo time constant) component was 
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added to gy. These expressions for g,, and g; can be substituted into equation (3) to obtain 
@ differential equation which describes V as a function of time: 


2 exp (—1/5) 0-7 exp (V/21) 


0-78 
(, exp to?) (V+84). (6) 


Approximate solutions of this equation have been obtained with an IBM 650 digital 
computer. Figure 7A is a plot of V and G as a function of time with V = —50 att = 0. 
Zero time is the time at which both slow and fast inactivation begin. A real action potential, 


1°5 e 


10 


B 
> 
% 
—70 


Fig. 7. A. Action potential (heavy line) and total slope conductance (light line) 

computed by integration of equation (7). Broken line, action potential of frog 

ventricle scaled to same size and duration. B. Superimposed calculated action 

potentials for indicated values of gx,/g,, showing simulated changes in t4p with ¢,. 

The action potentials are the solutions of a somewhat different formulation of 
equation (7). 


__ Sealed to the same amplitude and duration, is shown for comparison. The computed and 
‘real action potentials are quite similar in shape and duration. The low voltage of the third 
_ phase inflexion and its rather steep slope (1 V/sec), which are typical of frog ventricle, are 
,  Seurately predicted. The calculated potential is not sufficiently rounded in the region of 
_ Maximum curvature before the third phase inflexion. It seems probable that adjustment of 
the constants or a better fit of the I wa-V curve would rectify this deficiency. 
The major defect is that G@ becomes negative during the third phase, although its values — 
are appropriate at other times. It seems unlikely that minor modifications could prevent 
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this difficulty, since G, must be negative in this region in order to fit the experimental data. 
Negative Gy reflects a dip in the I,—V curve of the type postulated above to account for 
~ the occurrence of a first phase in low [Na*],. However, the equation for I, has a dip rather 
closer to Vx than was found by Freygang & Adrian (personal communication). Thus, the 
requirement of positive @ throughout repolarization severely limits the types of current- 
voltage curves which can be used. In fact, the restrictions are so great that it seems quite 
possible that there is at least a small negative G late in repolarization in heart muscle. Such 
a phenomenon could easily be missed experimentally. The equation for J, can be modified 
slightly to account for the lack of increase in K efflux during activity (Brady, unpublished), 
If the constant part of g, (0-2 g,) is attributed to Cl-, predicted J, is near zero at plateau 
voltages and an appreciable K+ efflux would occur only during depolarization and repola- 
rization. A rough calculation shows that such a complete turn off of gg is necessary to 
account for Brady’s results, on the assumption that K+ influx is not altered by activity. 
Weidmann (1951), Shanes (1958) and Coraboeuf e¢ al. (1958) have pro- 
posed explanations of the cardiac action potential generally similar to the 
hypothesis presented here. Weidmann and Shanes have noted the possi- 
bility of ‘incomplete inactivation’ as an explanation for the plateau, and 
Shanes suggested that g,, decreases with increasing depolarization. Shanes’s 
explanation of the ¢,, versus ¢, curve is not clear to us, but seems to be 


based on changes in g, during the previous diastolic period. 


Concluding remarks 


These interpretations are largely speculative. The deductions and 
inferences with respect to mechanisms are necessarily indirect, and voltage 
clamp type or similar experiments are necessary to test critically the 
proposed mechanisms. As far as possible the postulated mechanisms of 
heart activity have paralleled the known mechanisms of the squid giant 
axon. Fortunately the available evidence supports the required modi- 
fications. There is no direct evidence to support the postulate that there 
are fast and slow gy, inactivation in heart, but this postulate so simply 
explains the most puzzling aspects of the cardiac action potential as to 
make it a useful concept. Cole (1958) has reported that hyperpolarization 
produces a small degree of activation of g,, lasting many minutes in the 
squid giant axon. Together with an ancillary assumption about g;,—that 
it decreases during activity—the slow component of g,, qualitatively 
explains: (1) the plateau and prolonged duration of the action potential, 
(2) the superimposability of action potentials whose durations are altered 
by stimulus rate, (3) the dependence of the duration of the action potential 
on time between successive stimuli and (4) the effects of a low [Nat]. on 
repolarization. 

Some doubts that the Nat-K+ theory of Hodgkin and Huxley is 
applicable to cardiac tissue have been expressed by Tasaki & Hagiwara 
(1957). They base their conclusions on the similarity between the action 
potential of the tetraethyl ammonium (TEA)-treated squid giant axon 
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and the cardiac action potential. The analogy is probably not valid, since 
the threshold for repolarization of an axon treated with TEA is above the 
resting level. Repolarization is thus brought about by a transition through 
a region of negative slope conductance. Additionally, the hypothesis 
developed here does explain qualitatively the major properties of the 
cardiac action potential within the framework of the Oe ee 
theory. 


SUMMARY 


1. In frog ventricle the overshoot of the membrane potential and the 
maximum rate of depolarization of the action potential depend directly 
on the external concentration of Nat. 

2. The behaviour of the membrane resting potential is similar to that 
of nerve and skeletal muscle with respect to alterations in the external 
concentration of K+. Overshoot diminishes when external K+ concentra- 
tion is supranormal about as expected from voltage-dependent inactivation 
of Na+ membrane chord conductance. | 

3. The duration of the action potential is very dependent on the external 
concentration of Na+ when either sucrose or choline is substituted for Nat, 
but is most strongly so when choline is present. 

4. The later phases of repolarization are superimposable when duration 
is altered by changing the stimulus rate, suggesting that voltage-dependent 
conductance changes are responsible for fast repolarization. 

5. The principal differences between the known properties of the squid 
giant axon and the properties of the heart postulated here are: (a) the — 
inactivation and activation processes in heart have slow (order of seconds) 
as well as fast (order of milliseconds) components and (b) depolarization 


decreases rather than increases K+ membrane chord conductance. 


6. The significance of slope conductance measurements is discussed. 
The effects of external currents on repolarization indicate that this process 
is brought about by a slowly decreasing stable equilibrium voltage. This 
behaviour is markedly different from that in the squid giant axon. 

7. It is concluded that the Hodgkin—Huxley theory, suitably modified, 
accounts for the major properties of the cardiac action potential. 


Part of this work was done during the tenure of an American Heart Research Fellowship 


by A. J. Brady. This investigation was supported by research grants B-823 and B-462 from 
the National Institute of Neurological Diseases and Blindness of the National Institutes of 
Health, Department of Health, Education and Welfare, and by a grant from the State of 
Washington Research Fund for Biology and Medicine. 
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BODY S’ZE, BODY TEMPERATURE AND AGE IN RELATION 
TO THE METABOLIC RATE OF THE PIG IN THE FIRST 
FIVE WEEKS AFTER BIRTH 


By L. E. MOUNT anv J. G. ROWELL 


From the A.R.C. Institute of Animal Physiology, Babraham, Cambridge, and 
_ the A.R.C. Statistics Group, School of Agriculture, University of Cambridge 


(Received 14 July 1960) 


In the period following the birth of the young pig there are in the normal 
animal at least three apparent factors which could influence the metabolic 
rate. First, the pig grows rapidly, and heat production would be expected 
to increase with increasing size of the animal. Secondly, the deep body 
temperature would be expected to influence metabolic processes, either 
~~ dipectly or reflexly ; related to this, the new-born pig’s metabolic rate rises 
during the first two days after birth, and there is an associated rise in rectal 
temperature (Mount, 1959). Thirdly, the increasing age of the pig could be 
indicative of physiological development which would influence the meta- 
bolic rate; in this connexion Gelineo (1959) has reviewed the development 
of homoeothermy in mam mals. 

The question which arises, then, is how the growing pig’s oxygen con- 
sumption rate is related to each factor independently of the other two. 
The present investigation is an attempt to answer this question. The 
method has been to apply multiple regression analysis to oxygen con- 
sumption rates of pigs during the first five weeks after birth in relation to 
body weight, rectal temperature and age. Some of these results have been 

the subject of a preliminary communication (Mount & Rowell, 1960). 


METHODS 


The experiment involved 98 Large White pigs of both sexes. The farrowing house in 
which they were born was fitted with heated creeps and the ambient air temperature varied 
between 7 and 15°C. Observations were made at two temperatures, 4° and 30° C, so that 
relations could be studied at a high and a low mean metabolic rate. The investigation was 
carried out in three parts, differing essentially only in the ambient temperature at which 
the observations were taken and in the age of the pigs. The means and ranges of age and 
body weight for the three parts are included in Table 1; the three parts will be referred to 
as 30° C first week, 4° C first week and 30° C 1-5 weeks. 


Oxygen consumption, as dry gas at s.t.p., was used as the measure of metabolic rate and 


its rate was determined for each pig singly in a closed-circuit apparatus. Measurements were | 
taken as soon as temperature equilibrium was reached in the metabolic chamber, which was. 


usually within 1 hr of the introduction of the animal. The pigs received no previous treatment 
and were unrestrained in the chamber; the period of measurement was at least half an hour. 
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Rectal temperature and body weight were measured immediately before and after the 
_ determination of oxygen consumption rate and the averages of the two figures were used 
in the analysis of the results. A description of the methods for measuring oxygen con- 
sumption and rectal a has been given elsewhere (Mount, 1959). 


Biometrical methods 
The relation between oxygen consumption rate and body weight, rectal temperature and 
age was examined by means of multiple regression techniques (Fisher, 1958). The advantage 
of this procedure over the regression methods in which each variable is studied separately 
is that it is possible to study the regression of oxygen consumption rate on body weight, for 
example, independently of rectal temperature and age; that is, the regression as though all 
pigs had the same rectal temperature and were the same age. The regression coefficients so 
obtained are called partial regression coefficients. The method allows an estimate to be made 
of the amount of variation in oxygen consumption rate between pigs which can be accounted. 
for by variations in body weight, rectal temperature and age. Much of the variation which 
is not so accounted for (the ‘residual variance’) is probably due to real differences between 


TaBLE 1. Means and ranges of oxygen consumption rate, body weight, rectal 
temperature and age for pigs in the first 5 weeks after birth 


Oxygen 
Ambient No. consumption Rectal 
temperature of rate Body weight temperature | 
and age pigs (ml./min) (kg) (°C) 
30° C first week 61 30-2 1-69 39-1 2:79 days 
(15-7—55-2) (0-95-3-37) (37-8-39-8) (5 hr—6-25 days). 
4° C first week 18 58-3 1-58 38-4 3:32 days 
(32-5-93-8) (1-07—2-72) (36-5-39-4) (1 hr—6-83 days) 
30°C 1-5 weeks = 119 54-4 4-79 39-5 21-32 days 


(29-9-70-5) (2-88-7-60) (38-6—40-2) (10-37 days) 


pigs rather than errors of measurement. Thus, for example, different pigs of the. same 
weight, rectal temperature and age may not have the same surface area or the same thermal 
conductance from body core to surface and so may not have the same rate of heat loss. 

In all the analyses to be described linear relations were assumed. The validity of this 
assumption was tested in two ways. First, the partial regression coefficients for the younger — 
pigs and the older pigs were compared. These coefficients would be about the same size if 
and only if the relations were linear. The results given in the next section suggest that log. 
(oxygen consumption rate) is approximately linearly related to log. (body weight) and rectal 
temperature, but that the relation with age is curvilinear. The second method of testing 
linearity was to compare the residual variances when different transformations were applied 
to the variables; the transformation resulting in a straight line which fits the results most 
Closely will result in the smallest: residual variance about the line (after adjusting the 
variances to the same units). 

Six analyses were compared, the different fanetioos of the dependent and tashieiaent 
variables being given in Table 2, along with the residual standard deviation for each 
analysis. These residual standard deviations measure the variation in oxygen consumption 
tate between pigs of the same weight and age and with the same rectal temperature; they 
are remarkably similar and suggest that there is little to choose between the analyses on 
purely statistical grounds for pigs up to 5 weeks old. The indices for body weight which 
were used in analyses 2 and 3 are based on the assumption that the animal’s surface area is 
approximately proportional to (body weight)*/*; this will be considered later. 

The results described below are based on analysis 6 for the following reasons: (a) the use 
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of log, (oxygen consumption rate) and log. (body weight) enables a test to be made of the 
proposition that rate of heat loss is proportional to (body weight)*/*; (b) the use of rectal 
temperature rather than log. (rectal temperature) is based on the assumption that Q,, is 
constant over the observed range of rectal temperatures; (c) analysis 6, involving age, 
rather than analysis 5, involving log. (age), was used because this resulted in a smaller 
residual variance for all three parts of the investigation and there seemed to be no other 
grounds on which to base a choice between the two. 


Taste 2. The functions of the dependent and independent variables used in 
each of six multiple regression analyses, and the residual standard deviations 


Dependent 


variable. 
Oxygen 


consumption 


Analysis (ml./min) 


y 

y 
log y 


log y 
log y 


Independent variables 
A Residual 
Body Rectal standard 
weight temperature Age deviations* 
(kg) (°C) (hr) (ml./min) 
3-1 
3-1 
3-2 
log 2, log log 3-3 
log x, log 2; 3-3 
log 2 


* Adjusted to the same units for all six analyses, and pooled over the three parts of the 
experiment to give estimates on 86 degrees of freedom. 


TaBLE 3. Partial regression coefficients, and their standard errors, for log. (oxygen consump- 
tion rate, ml./min) on log. (body weight, kg), rectal temperature (°C) and age (hr) 


Ambient 
temperature 
and age 
30° C first week 
4° C first week 
30° C 1-5 weeks 


No. 
of 
pigs 


Log. (body 
weight, kg) 
0-610 + 0-064 
0-562 + 0-136 
0-684 + 0-083 


RESULTS 


Rectal 
temperature 
(°C) 
0-157 + 0-035 
0-105 + 0-029 
0-150 + 0-038 


Age (hr) 
0-000748 + 0-000403 
0-001106 + 0-000763 

— 0-000372 + 0-000126 


The means and ranges of oxygen consumption rate, body weight, rectal 
temperature and age are given in Table 1. The logarithmic transformation 
was applied to oxygen consumption rate and body weight before doing the 
multiple regression analyses (see Methods); the partial regression co- 
efficients obtained from these analyses are given in Table 3. Comparisons 
of the coefficients with their standard errors show that for the first week 
after birth the coefficients for the effect of age, after allowing for variations 
in, body weight and rectal temperature, were not quite significant at 
the conventional 5% level. Taken together, however, there is a sug- 
gestion of a positive relationship. All other regression coefficients were 


significant. 


The partial regression coefficients. given in Table 3 were used to find 
equations for predicting oxygen consumption rate (y, ml./min) from body 
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weight (x,, kg), rectal temperature (x,, °C) and age (a3, hr). The equations 


are: 30° C first week: y= 0-044229 610 60-1572, 


4° C first week: y = 0-7134a9'562 Q0-001106z, 
30° C 1-5 weeks: y = 0-059829 64 


The percentages of variance in oxygen consumption rate accounted for 
by variations in log. (body weight), rectal temperature and age are given 
in Table 4; these factors together account for about 90% of the total 


TasLe 4. The comparative effects of body weight and age as shown by the percentage 
of variance in log. (oxygen consumption rate) accounted for by variations in log. (body 
weight), rectal temperature and age taken separately and in certain combinations 


Variations in log. (body weight) = —=_—«CVVarriatiions in age 
allowed for first allowed for first 
log. (B.W.), Age, R.T, 
Ambient temperature og. (B.wW.) and Age and and log. 
and age log. (B.W.) R.T. age* Age (B.w.)* 
30° C first week 78-8 85:7 86-4 58-7 65-1 86-4 
4° C first week 82-2 93:6 94-0 84-8 87-6 . 94-0 
30° C 1-5 weeks 69-8 83-0 88-6 10-5 40-2 88-6 


* All three variables have been allowed for in both these columns and so the percentages 


of variance accounted for are the same. B.w. = body weight; R.r. = rectal temperature. 


Tasie 5. Additional percentage of variance in log. (oxygen consumption rate) accounted 


for (1) by age after log. (body weight) and rectal temperature had been allowed for first, 


and (2) by log. (body weight) after age and rectal temperature had been allowed for first 


(2) 
(1) Additional variance 
Ambient temperature Additional variance accounted for by log. 
and age accounted for by age (body weight) 
30° C first week 0-7 21:3 
4° C first week 0-4 6-4 
30° C 1-5 weeks 5-6 48-4 


variance in all three groups of pigs. The percentages of variance explained 


by both log. (body weight) and age are high when each is taken by itself 
(with one exception) since these two factors are highly correlated and the 


figures for each contain variance explained by the correlation. The 


exception is the lower figure in the 30°C 1—5-weeks pigs, which sug- 
gests a greater variation of body weight with age than in the first-week 
Pigs. 

Table 5 (derived directly from Table 4) shows that age accounts for 
only a small part of the log.(oxygen consumption rate) variance after 


_log.(body weight) and rectal temperature have been allowed for, whereas 


log. (body weight) still accounts for a considerable part of the total 


variance after age and rectal temperature have been taken into account. 
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This distinction between the amounts of additional variance explained 
by age and weight cannot be made from the analysis given by Holub, 
Jezkové & Forman (1958) of the results from their work on the oxygen 
consumption of the pig; in their analyses age and body weight were not 
considered simultaneously in a multiple regression analysis, and so they. 
were unable to determine whether age had an effect independently of 
body weight. 


DISCUSSION 
Body weight 


With increasing body weight the heat production per unit body weight 


decreases, whilst heat production calculated per unit surface area remains 
more uniform. This would apply when there is a constant deep body 
temperature with constant thermal conductance from body core to surface, 
resulting in a constant rate of heat loss per unit surface area. As the animal 
grows, heat production per unit body weight decreases; body surface area 
increases more slowly than body weight. The regression coefficients are not 
sufficiently precise to allow accurate estimation of the power to which 
body weight should be raised to give a factor proportional to the total heat 
production; the indices (regression coefficients) obtained for body weight 
in the three parts of the experiment, 0-61 + 0-06, 0-56 + 0-14 and 0-68 + 0-08, 
do not differ significantly from 2/3, which is the appropriate index for 
relating volume to surface area for a solid body of a given shape but 
- varying in size. Chiu & Hsieh (1960), in studying the metabolic rate of 


rats, compared the following functions: body weight, (body weight)i, . 


(body weight)?, and (body weight)°*; the last of these was considered to 
be directly proportional to surface area. None of these functions was 
found to be satisfactory, and Chiu & Hsieh concluded that when comparing 
metabolic rates of group} of animals with different average body weights 
analyses of co-variance should be used. They did not indicate the power 
to which weight should be raised in such analyses, but this question does 
not arise if the logarithmic transformation is applied to oxygen con- 
sumption rate and body weight. They further concluded that metabolic 
rate did not vary with age independently of concomitant changes in body 
weight, but they did not consider possible effects of variations in body 
temperature. The effect of ignoring rectal temperature (and the small 
effect of age) can be seen from the results of the present investigation on 
the pigs under 1 week old, where there was appreciable variation in rectal 
temperatures. The regression coefficient when rectal temperature and age 
were ignored was 0-86 + 0-05 for these pigs (averaging over the two ambient 


temperatures), compared with 0-60+ 0-06 when rectal temperature and 
age were allowed for. 
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Age 

The effect of age on oxygen consumption rate, after eliminating the 
effects of variations in body weight and rectal temperature, was not 
significant for the pigs less than 1 week old but was significant for the older 
pigs, oxygen consumption rate decreasing with increasing age (Table 3); 
the difference in the partial regression coefficients between the two age 
groups indicates that the relation between oxygen consumption rate and 
age is curvilinear. The negative partial regression coefficient of oxygen 
consumption rate on age does not mean that oxygen consumption rate 
decreases as the pig grows older—indeed, the reverse is true because of 
increasing body weight with age—but indicates that if a number of pigs 
have the same body weight and rectal temperature the older pigs will have 


a lower oxygen consumption rate. If such animals were to be in thermal 


equilibrium, then heat production would equal heat loss, and, for a given 
core temperature, the heat loss of the individual animal would be deter- — 
mined by the total thermal conductance from body core to body surface. 
This conductance in turn is the product of the mean thermal conductance 
per unit area and the animal’s surface area, for given surroundings in 
respect of radiant, convective, conductive and evaporative losses of heat. 

If the mean thermal conductance were to decrease as the pig aged, a 
lower heat-production rate would suffice to maintain a constant rectal 
temperature. A developing fat layer of itself would not be expected to 
offer insulation in the warm surroundings of 30°C: skin blood-vessel 
dilatation overrides any such effect (Miller & Blyth, 1958). The develop- 
ment of hair, however, would allow skin temperature to remain near its 
previous level whilst the surface temperature of the hair itself, as an 
insulating layer of trapped air, would fall. This would represent an effective 
decrease in the rectal—air thermal conductance, and the progressive increase 
in hair, which occurs in the pig, would allow the maintenance of a constant 
rectal temperature with a progressively decreasing heat-production rate. 

The total non-evaporative heat loss from the animal depends not only 
on the mean thermal conductance, but also on the total body surface 
available for heat exchange with the surroundings. Effective surface area 
can change rapidly, in an animal of given weight, owing to change of 
posture, as when the animal crouches in cold surroundings or lies ex- 
tended in the warm; and surface area can change slowly, owing to change 
in the shape of the animal. It is possible that amongst the postulated 
group of pigs, all of the same weight and rectal temperature, the older ones 
may have a smaller surface area owing to change in body conformation 
and fat deposition. 


The most likely reasons for the fall in oxygen consumption with age, 
27-2 
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with body weight and rectal temperature held constant, would therefore 
be the decrease in total thermal conductance brought about by the growth 
of hair, and the possible reduction in the surface area effective for heat loss 
at any given body weight. In postulating possible causes of this negative 
partial regression of oxygen consumption on age, it may be re-emphasized 
that the changes involved must be related to age independent of body 
weight. In considering the development of hair as a possible explanation, 
therefore, it is not enough that hair develops as the pig grows larger; the 
amount of hair must be greater with old pigs than with young pigs of the 
same body weight (and the same rectal temperature). 3 


Rectal temperature 


The partial regression coefficients for rectal temperature (Table 3) give 
the values for Q,, directly. Thus, this coefficient is 0-157 + 0-035 for the 
30° C first-week pigs, and 0-157 is the natural logarithm of the difference 
in oxygen consumption rate for 1° C. 1-57 is therefore the corresponding 
difference for 10° C, and antilog. 1-57 is 4-81, which is the Q,). The mean 
values for Q,, with their associated 95° confidence intervals, are as 


ssiauniiat 30° C first week: 4-81 (2-39 to 9-74) 
4° C first week: 2°86 (1-54 to 5-31) 
30° C 1-5 weeks: 4-48 (2-01 to 10-03) 


The usual figure given for animal tissues, from both poikilotherms and 
homoeotherms, is between 2 and 3 (e.g. Valen, 1958, for poikilotherms; 
Graham, Wainman, Blaxter & Armstrong, 1959, for the conscious sheep), 
similar to that for chemical reactions. The high values obtained for the 
conscious pig in the present experiments, where most of the observations 
were made at temperatures below the critical temperature, suggest that 
in the postulated group of pigs of the same weight and age those with the 
higher body temperatures have higher metabolic rates not only as a result 
of the effect of temperature on metabolic processes, but also because the 
higher rectal temperature is correlated with other factors, including possibly 
the level of spontaneous activity, such as standing instead of lying in the 
calorimeter chamber. This would probably have a proportionately smaller 
effect with the higher metabolic rates of pigs at lower ambient temperatures 
which could account for the tendency to a lower Q,, at 4° C. If it is true 
that animal behaviour patterns seriously affect Q,,, the concept is of limited 
value when applied to metabolic rates of conscious animals. 


Other species 
New-born mammals range from apparent poikilothermy to homoeo- 
thermy in their metabolic response to change of environment in the post- 
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partum period. The mouse (Fitzgerald, 1953) goes through a period im- 
mediately after birth in which it is poikilothermic, without increased 
metabolism in response to cooling of the surroundings. Adolph (1957) 
has discussed the development of homoeothermy in the rat, and this 
discussion, together with other evidence (Capek, Hahn, Kietek & Martinek, 
1956) makes it clear that age is a very important factor in the animal’s 
development since it represents the time, particularly during the first 
3 weeks, when nervous control is developing and allowing the animal a full 
metabolic response to changes in its surroundings. In the case of the puppy 
McIntyre & Ederstrom (1958) have shown that heat production increases 
over the first 2 weeks of life, but that heat conservation lags behind. This 
lag in the development of heat conservation behind heat production occurs 
in the case of the pig as well; in cool surroundings the new-born pig’s rectal 
temperature falls, but this effect largely disappears by the end of the 
first week (Mount, 1958). Thermogenesis in the pig is, however, well 
developed at birth; this is shown by the vigorous metabolic response to 
short-term cooling of the environment (Mount, 1959) and the small effect 
of age indicated by the present work. In the dog Gelineo (1954) found the 
thermo-neutral temperature to fall from near 33° C at birth to near 30° C 


_ at 2-3 weeks of age; a similar reduction in critical temperature in the 


first weeks of life also takes place in the pig (Mount, 1960). An animal born 
in an advanced state, such as the calf (Roy, Huffman & Reineke, 1957) 
and lamb (Dawes & Mott, 1959), shows a high rate of heat production from 
birth, like the pig. In addition, in the case of the calf and lamb the thick 
coat adds considerably to the extent to which the animals can conserve 
heat, giving them that advantage in homoeothermic development over 
the pig. 


SUMMARY 


1. Measurements of oxygen consumption have been made in a closed- 
circuit apparatus on 98 pigs aged from 1 hr to 37 days. The measurements 
have been divided into three groups depending on the ambient tempera- 
ture at which the observation was made and the age of the pig: 30° C first 
week, 4° C first week and 30° C 1-5 weeks. 

2. The relation between oxygen consumption rate and body weight, 
rectal temperature and age has been examined by means of multiple 
regression techniques, which allow the relation of each of these variables 
to be assessed separately while the other two are held constant. 

3. In the first 5 weeks after birth body weight and rectal temperature 
both had a large effect on oxygen consumption. The effect of age, after 
allowing for differences in body weight and rectal temperature, was less 
striking. Indeed, during the first week it was not certain whether it had 
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any effect at all; from 1 to 5 weeks metabolic rate and age were negatively 
related. 

4, The percentages of variance in metabolic rate accounted for by 
variations in body weight, rectal temperature and age were 86-4% in the 
30° C first-week group, 94-0 % in the 4° C first-week group and 88-6 % in 
the 30° C 1-5 weeks group. 

5. The small effect of age, when taken with other evidence, suggests 
that thermogenesis in the pig is well developed at birth. 


We are indebted to Mr I. B. Start and Mr A. J. Legge for skilful technical assistance. 
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THE HISTAMINE CONTENT OF THE HUMAN UTERUS 
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A number of drugs commonly used to accelerate labour, such as mor- 
phine, pethidine and castor oil, are capable of releasing histamine (Feld- 
berg & Paton, 1951; Schachter, 1952) and the question arose whether their 
usefulness and that of other tocagogues (Mathie & Dawson, 1959) de- 
pended on this action. It seemed unlikely that a gross systemic histamine 
release could be concerned, but a local release in uterine tissue deserved 
consideration. Information was not available, however, as to the amount 
of histamine in human uterine tissue, and the following investigation was 
made to determine this. 


METHODS 


The content of histamine was estimated in tissues from non-pregnant uteri removed at 
operation and in slips of tissue obtained from pregnant uteri at Caesarean section. The 
tiseue was cut from the anterior wall and cervix of the non-pregnant uteri, from the margin 
of the incision of the lower segment of uteri at or near term, and from the fundus of other 
uteri earlier in pregnancy. The sample was blotted free from blood with sterile dry swabs, 
placed in a sterilized dry glass pot with an airtight lid, and stored at 0-4° C until extracted. 
In one case a whole uterus was available and a detailed study of the distribution of histamine 
in it was made. Tissue was also obtained from both the pregnant and the non-pregnant 


horns of one bicornuate uterus. The tissue was ground in acidified NaCl solution, 0-9 g/100 ml., 


with acid-washed sand, boiled and filtered, by the method used by Feldberg & Paton (1951). 


_ The extracts were assayed on the guinea-pig ileum, using — 10-* or 10-* to 


verify that the contractor activity was due to histamine. 


RESULTS 

The mean value of the histamine content (as base) of the body of the 
non-pregnant uterus was 8-58 + 1-60 g/g fresh tissue and of the cervix 
5:97 + 1-22 ng/g (Table 1). The content was found to vary from one part 


_ of the body of the uterus to another (Fig. 1) but this variation had no 


obvious significance in its pattern. : 

The content of the pregnant uterus was much lower, with a mean value 
of 0-93 + 0-22 ug/g. The site of sampling depended on whether the classical 
Caesarean ora lower-segment operation was done; but this did not materially 
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tissue from four patients who had been in labour before Caesarean section 
as in those on whom an elective operation was performed before labour 
began; nor did the values obtained in earlier pregnancy at 14, 22, 30 and 
33 weeks differ from those obtained at term. 

There was no evidence of activity attributable to 5-hydroxytryptamine 
in any of the samples. | 


Tasie 1. Histamine content of human uterine tissue (g/g) 
(a) Non-pregnant 


Case no. Fundus Cervix Remarks 
1 4 5 Progesterone 25 mg previous day 
6-4 11-2 
3 5 
4 10 2°4 — 
5 3-5 9 Ethynyloestradiol previous day 
6 14 ssi 
7 15 53 
8a 11-7 = Bicornuate uterus: non-pregnant horn 
Mean+s.E. 8-58+1-60 5-97+1-22 
(b) Pregnant 


Lower Weeks of 
Caseno. Fundus segment pregnancy 


8b —_ 3°5 40 Bicornuate uterus: preg- 
8c 1-9 nant horn. Pitocin and 
| ergometrine between 
i samples 86 and 8c 
9a — < 0-2 40 Ergometrine between 
9a — 0-03 samples 9a and 96 
10 1-4 40 
— <1 40 
12 0-3 39 
13 — 0-31 39 
14 0-50 39 
15 — 0-21 38 
16 — 0-74 36 
17 1-5 33 
18 1-5 — 30 
20 0-1 _ 14 
Mean 0-83 0-92 
(c) In labour . 
Hours in labour 
21 <05:<04 £40 12 
22 0-88 39 31 
23 0-2 44 12 
24 41 65 
Mean 0-66 
DISCUSSION 


Both the significance and the origin of the difference in histamine content 
of the pregnant and non-pregnant uterus are obscure. The values early 
m pregnancy, since they resemble those at term, show that the reduction 
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of histamine content is not only, if at all, brought about by the enlargement 
of the uterine muscle reducing, for instance, the relative proportion of the 
mast cells. On the other hand, the contrast between the two horns of 
the bicornuate uterus shows that the reduction in the amount of con- 
tained histamine which occurs in pregnancy is a property of the pregnant 
state of the uterus and not of the general systemic changes in the mother. 


Sagittal section 


Anterior Posterior 
---2°4 4, 
38° 
“20 
A 


_ Fig. 1. Diagram of histamine content of human uterus. Above, sagittal section ; 


below, horizontal sections at levels A, B and C shown above; numbers indicate 
histamine content (g/g). 


Kahlson, Rosengren & Westling (1958), studying rats on a synthetic 
histamine-free diet, found that the excretion of histamine rose steeply in 
pregnancy, falling the day before parturition. The rate of formation of 
histamine in the pregnant rat was nearly three times the rate before 
mating and the daily urinary output was greater than the content of the 
whole body. In further experiments (Kahlson, Rosengren & White, 1960) 
the foetal liver was found to be the site of extremely fast formation of 
histamine. The same workers report a high rate of synthesis of histamine 
in the human foetus (Kahlson, Rosengren & White, 1958). The findings 


in the rat emphasize the difficulty of interpreting the kinetics of histamine 


formation from the histamine content of a tissue. It cannot be inferred, 
for instance, that the low histamine content of the pregnant uterus proves 


- 
ba 
% 
J 
a 
/ | 
q 
( 
q : 
| 


420 MAVIS GUNTHER AND W.D.M. PATON 


that histamine plays no part in uterine activity at pregnancy; but it 
makes it somewhat unlikely that local histamine release is involved in the 
induction of labour. It is possible, however, that the high serum histamin- 


ase of pregnancy in the human being and the low histamine content of the — 


pregnant uterus are concomitants of an increased sensitivity of the preg- 
nant uterus to histamine, allowing a restricted degree of histamine 
release from a source other than the uterus to become effective. 


SUMMARY 


1. The histamine contents of the human non-pregnant and pregnant 
uterus have been estimated from samples removed at surgical operation. 

2. The content in the pregnant uterus (mean, 0-83 ug/g) was consider- 
ably lower than (only about one-tenth) that of the non-pregnant (8-58 jg/g) 
and this difference was also found between the pregnant and non-pregnant 
horns of a bicornuate uterus. 

3. The values found in the uterus during pregnancy (14-40 weeks) did 
not differ significantly from those at term, nor from those obtained when 
the subject had been in labour. 


We are grateful to Professor w. C. W. Nixon and his staff at vpemkowonsd College Hospital 
and to Mr D. Willoughby for their help. : 
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~ most of these experiments. Parallel experiments were run in most in- 


_ potentials are conducted only rather. slowly and over very short dis- 
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BY ISOLATED UTERINE SEGMENTS MADE SODIUM-RICH 


By E. E. DANIEL anp KATHLEEN ROBINSON 


From the Department of Pharmacology, The University of 
British Columbia, Vancouver 8, B.C., Canada 


ERRATA 


Linzeww, J. L. (1960). J. Physiol. 158, 510-521. 


_ Figures for lactate should read as follows (m-equiv/I.): 
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stances with uterine tissue from pregnant cats. These two types of uterine 
tissue were selected because they possess extreme differences in electrical 
properties (Daniel, 1960). In the non-pregnant rabbit uterus action 


tances. Occurrence of action potentials is not regularly related to over-all 
tension increments. In contrast, in the pregnant cat uterus action 
potentials spread regularly over distances of several centimetres, always 
occurring before and during rapid increase in tension and disappearing 
before relaxation. The rabbit uterine tissues were of two types; those from 


‘animals pre-treated with oestrogen alone and those from animals a 


treated with both oestrogen and progesterone. 
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that histamine plays no part in uterine activity at pregnancy; but it 
makes it somewhat unlikely that local histamine release is involved in the 
induction of labour. It is possible, however, that the high serum histamin- 
ase of pregnancy in the human being and the low histamine content of the 
pregnant uterus are concomitants of an increased sensitivity of the preg- 
nant uterus to histamine, allowing a restricted degree of histamine 
release from a source other than the uterus to become effective. 


SUMMARY 


Marutr, J. G. & Dawson, B. H. (1959). Effect of castor oil, soap enema, and hot bath on 
q the pregnant human uterus hear term. Brit. med. J. i, 1162-1164. __ 

me ScHacuter, M. Pyle The release of histamine by pethidine, atropine, quinine and other 
drugs. Brit. J. Pharmacol. 7, 646-654. 
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Studies of the electrolyte composition and ionic exchanges of uterine 
wall and muscle (Daniel & Daniel, 1957, 1959; Daniel, 1958) provided 
evidence that the chloride distribution across the cell membranes might 
be passive, but that the accumulation of potassium and extrusion of sodium 
could not besoexplained if the membrane potentials of uterine cells had been 
accurately measured (Daniel & Singh, 1958). Evidence was also presented 
_ that a substantial fraction of the sodium and probably also of the potassium 

-was bound (associated with intracellular anions so as not to be readily 
diffusible) and unable to contribute to the osmotic activity of tissue water. 

The first purpose of the present study was to obtain evidence from net 
movements of sodium and potassium which, together with knowledge of 
membrane potentials, would provide proof of the occurrence of active 
_ transport in the uterus. When this proved possible, studies of the effects 
of variations in the ionic contents of the external fluid were carried out to 
analyse the mechanism for active transport. Finally, the nature of the 
dependence of active transport in the uterus on metabolism was in- 
vestigated. These last investigations are dealt with in the following article 
(Daniel & Robinson, 1960). 

Uterine segments from non-pregnant rabbits furnished the material for 
most of these experiments. Parallel experiments were run in most in- 
stances with uterine tissue from pregnant cats. These two types of uterine 
tissue were selected because they possess extreme differences in electrical 
properties (Daniel, 1960). In the non-pregnant rabbit uterus action 
potentials are conducted only rather. slowly and over very short dis- 
tances. Occurrence of action potentials is not regularly related to over-all 
tension increments. In contrast, in the pregnant cat uterus action 
potentials spread regularly over distances of several centimetres, always 
occurring before and during rapid increase in tension and disappearing 
before relaxation. The rabbit uterine tissues were of two types; those from | 
animals pre-treated with oestrogen alone and those from animals pre- 
treated with both oestrogen and progesterone. 
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METHODS 


Preparation of animals and removal of tissues. Immature female albino rabbits of the New 
Zealand strain weighing less than 31b.(1-4kg) were treated with oestrogen (diethylstilboestrol, 
125 yg/day, subcutaneously) for 6 days or for 9 days. In the latter instances progesterone 
(2 mg/day, subcutaneously) was administered for the last 3 days. Rabbits were killed by a 
blow over the foramen magnum, their abdomens rapidly opened and the uteri excised. 

Pregnant cats were obtained under circumstances that necessitated their survival. They 
were therefore anaesthetized with pentobarbital sodium, and the uterus removed as rapidly 
as possible after ligatures had been placed around its blood vessels. 

Experimental procedure. Rabbit uteri were cut into several segments and rapidly weighed. 
An average segment weighed 0-2 g and was 1-5 cm long and 0-5 cm in diameter. One seg- 
ment was taken for analysis as a fresh control. For identification purposes threads with 
varying numbers of knots were then tied around the remaining segments, which were sus- 
pended in 25 ml. or 35 ml. K-free Krebs-Ringer solution and placed in the coid at 4° C 
during the night without aeration. The next day all the segments were reweighed and one 
segment was removed for analysis of the extent of ion exchanges in the cold. The medium to 
which the uterine pieces had been exposed in the cold was also analysed. 

The uterine segments then were returned for 120 min into experimental media of differing 
composition, which were warmed to 37° C and aerated with 95% O,+5% CO,. The seg- 
ments were then weighed a final time and placed in the oven to be dried and subsequently 
analysed. 

Uteri from pregnant cats were first opened and the foetuses and placentae were removed 
and the uterine walls then cut into strips. These strips were then treated like the segments of 
rabbit uterus. 

Media. The compositions of the principal types of media used are shown in Table 1. The 
specific gravities, and the concentrations of water and solids in the media used when the 
concentration of Na was varied, are shown in Table 2 as measured at 24° C. The specific 
gravities and the grams of solids and water per litre of these solutions are given, because of 
their importance in evaluating the changes in tissue weight observed in these solutions. 
Specific gravities were determined in triplicate. Additional variations were made in the 
constituents of the principal media, but these will be discussed in relation to the experi- 
ments in which these media were used. 

Analysis of tissues. The analytical methods have been described in detail elsewhere 
(Daniel & Daniel, 1957; Daniel, Dodd & Hunt, 1959). Briefly, water concentrations in 
uterine tissues were determined by drying for 5 days or more at 100° C and reweighing the 
tissues. The tissues were then ground, reweighed, and divided into portions for duplicate 
chloride analysis and analysis of sodium and potassium. Tissue chloride was analysed by a 
modification of the micro-electrometric method described by Whittam (1955). Chloride in the 
media was measured by the method of Asper, Shales & Shales (1947). Sodium and potassium 
were measured with a Janke flame spectrophotometer, with lithium as an internal standard. 

Calculation and expression of results. Tissue electrolyte concentrations were expressed in 
terms of the final wet weights. In addition, the sum of sodium and potassium per litre of 
tissue water [Na+ K],/[H,O], was calculated as an indication of the movements of cations 
relative to water. 7 

Changes in the solids and water concentrations relative to the fresh weights were estimated 
in the following way. The weights of solids and of water per kilogram in the experimental 
pieces were calculated, assuming them to be identical initially to those in the fresh control. 
The changes in solids and water were then determined by comparison of their values at the 
end of the experiment to those calculated for the original conditions, The changes were then 
expressed relative to the original fresh weight (f.wt). 

The s.E.s of the means have been calculated for all analytical and all derived values. They 


7 
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Glucose 49-20 49-20 49-20 . 


_ eighty-four experiments on all types of rabbit uteri was 3-32 m-equiv/l. + 0-15 (1-72-7-43) 
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are not given in the tables because of the large number of values to be presented and because 
moat of the changes were striking. Significant differences (P < 0-05) will be so designated 
in the text. Over three thousand tissues have been analysed and the results under similar © 
experimental conditions have been remarkably consistent. Statistical evaluation of the 
analytical values for fresh tissues, and for tissues exposed during the night to cold, revealed 
very small variances between experiments carried out at different times. The results obtained 
at various times have been grouped and compared with the cumulated average values for 
both the fresh and the K-depleted controls from all the individual experiments. The loss of 
potassium and gain of sodium, chloride and water in the cold was relatively uniform, despite 


TaBLeE 1. Composition of media (mm) 


Krebs— K-free PO,-free Saline* Choline 
Ringer Krebs’s Krebs’s bicar- Saline Cl- _ Sucrose 
solution solution solution Saline* bonate ~KHCO, ~KHCO, 


Sodium 138-55 143:17 137-39 158-17 158-17 158-0 
Chloride 125-05 125:04 125°05 158-17 136-26 158-0 158-0 


Potassium 4-63 — 4-63 — — 5-0 5-0 5-0 
Bicarbonate 21-91 21-91 21-91 — 21-91 5-0 5-0 5-0 
Calcium 2-47 2-47 2-47 — 
Magnesium 1-16 1-16 1-16 — 
Sulphate 1-16 1-16 1-16 — — ini sik 

— 49-20 49-20 49-20 49-20 


* In some experiments sufficient potassium (as KCl) was added to these solutions to make 
final potassium concentrations of either 5 or 25 mm (see text). 
+t Approximate osmotic equivalent of 158 mm-NaCl (Conway & McCormach, 1953). 


TABLE 2. Specific gravities and concentrations of water 


and solids 
IN Choline medium Sucrose medium 
(mm) (g/1.) (g solids/l.) (g H,O/I.) (g/1.) (g solids/l.) (g H,O/1.) 
0 1001-75 31-41 970-34 1036-06 107-50 928-56 
20 1001-66 29-79 971-87 1032-17 96-25 935-92 
40 1002-66 28-17 974-49 1027-98 85-00 942-98 
80 1003-66 24-93 978-73 1020-69 62-50 958-19 
100 1003-95 23-30 980-65 1016-40 51-25 965-15 
158 1006-32 18-60 987-72 1006-32 18-60 © 987-72 


marked differences in the concentrations of leached potassium which accumulated in the 
medium during the night. The average concentration of potassium in the leaching medium 


and in twelve experiments on uteri from pregnant cats it was 6-84 m-equiv/l.+ 0-68 (2-73- 
10:73). Apparently the decreased temperature and consequent depression of metabolism 
rather than the extent of diminution of external potassium concentration determined the 
extent to which ion exchanges took place. Subsequent experiments suggested that the lack 
of aeration could have had little effect (Daniel & Robinson, 1960). Tissues from oestrogen 
and from oestrogen-and-pr terone-treated groups have been combined in most instances. 
This was done to facilitate presentation and because the differences between the groups were 
small and consistent (Table 4) and both types of tissue were used in equal numbers. 

The following two relationships and the symbols contained in them have been used 
throughout this paper. 


= | (1) 
28-2 
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where [X], = tissue content of ion (m-equiv/kg), 
[X],q = content of ion chemically bound (m-equiv/kg), 
[X], = extracellular concentration of ion (m-equiv/l. of extracellular fluid), 


[X], = intracellular concentration of ion (m-equiv/l. of intracellular fluid), 
V, = volume of extracellular fluid (1./kg tissue), and 
V, = volume of intracellular fluid (1./kg tissue). 


where [H,O], = kg water/kg tissue, 
[H,O), = kg water/l. intracellular fluid, and 
{H,O], = kg water/l. extracellular fluid. 


Other symbols used were Nasp and Clsp for the sodium and chloride spaces respectively. 
[Na +K)},/[H,O}, refers to the sum of the concentrations of these ions per litre of tissue 
water. 

The extracellular space. The extracellular fluid volume (V,) is usually estimated by deter- 
mining the volume of distribution of a substance (such as inulin) which either fails to enter 
cells or does so at a rate much slower than that at which it penetrates extracellular fluid. 
Confirmation of this estimate is often sought by comparing it to similar estimates for other 
such substances or to estimates of the relative area of extracellular space in histological 
sections. One other possible method is to obtain values for tissue and extracellular con- 
centration of an ion such as chloride and to combine these with estimates of the amount 
which is bound and of the concentration within cells. Substitution in equation (1) above 
leaves V, and V, as unknowns. V, can be obtained in terms of V, by determination of the 
other quantities in equation (2) and substitution in equation (1). The value for V, can then 
be calculated. The weakness in this last approach is that the estimate of intracellular con- 
centration depends on an assumption (e.g. applicability of a Donnan distribution) rather 
than on direct determination. 

In the same types of uterine tissues as those studied in these experiments, the volume of 
distribution of inulin (250-350 ml./kg) after 3 hr incubation in vitro was found in earlier 
experiments to be smaller than the spaces occupied by predominantly extracellular ions in 
fresh tissue (Daniel & Daniel, 1957; Daniel, 1958). The chloride, sodium and sulphate spaces 
were all in the range of 400-700 ml./kg. Moreover, the magnitude of these ion spaces 
expanded in vitro. 

Use of the chloride space of fresh tissues as V, was unacceptable because it led to the cal- 
culation of hypertonic concentrations of potassium in cells (> 200 m-equiv/l.) and because 
it sometimes led to the calculation of negative concentrations of intracellular sodium. 
Recalculation of the extracellular chloride by assignment of that quantity of chloride to 
cells which would fit with the assumption that the distribution of this ion was determined by 
a Donnan potential of 50 mV (inside negative) did not fully eliminate these difficulties, and 
did not remove the discrepancy between the chloride space and the inulin space (Daniel. 
1958). Presumably part of the chloride or part of the potassium or some of both was not 
ionized, in the sense that it did not contribute to the osmotic pressure or to electrical changes 
in the tissue space which it occupied. The experiments reported below provided evidence for 
the first of these possibilities (i.e. chloride partly un-ionized.) Approximately 10 m-equiv/kg 
of chloride was present in rabbit uteri and 19 m-equiv/kg in pregnant cat uteri after equili- 
bration with sucrose—Ringer solution. In the case of the rabbit uteri recalculation of the 
chloride space after assignment of chloride to both a bound and a cellular fraction leads to a 
value of 420 ml./kg. For pregnant cat uteri the figure was 520 ml./kg. Previous experiments 
have indicated that about 15 m-equiv/kg of sodium does not exchange in isotonic solutions 
of pure potassium salts and therefore probably is bound (Daniel & Daniel, 1957; H. Singh, 
unpublished). Correction for bound chloride and sodium leads to the calculation of a 
potassium concentration of 140-150 m-equiv/l. in the cellular water and to cellular sodium 
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concentrations of less than 10 m-equiv/l. in fresh uteri. These are credible values. However, 
the recalculated chloride spaces are, still, larger than the inulin spaces. 

Inulin diffuses slowly because of its large molecular volume and may not have penetrated 
the entire extracellular fluid during the 3 hr period of equilibration. Sucrose also is believed 
not to penetrate the cellular fluid (Gamble, Robertson, Hannigan, Foster & Fair, 1953; 
Mulrow, Oestreich & Swan, 1956; White & Rolf, 1957) and usually penetrates a volume 
slightly larger then the inulin space. It would be expected to diffuse more rapidly than 
inulin. In experiments, reported below, in which sodium chloride in the medium was | 
replaced by isosmotic quantities of sucrose during recovery after exposure to the cold, 
the distributions of tissue solids and water were markedly altered after 2 hr (see Tables 1 
and 8). This could have resulted from the replacement of the saline-potassium bicarbonate 
medium in the extracellular space by sucrose solutions containing considerably more solids 
per unit volume {Table 2). The volumes of the various sucrose solutions required to account 


for the increments in solids by replacement of the saline solutions were calculated (Table 3). 


ame 3. Extracellular fluid volumes of uterine tissues wmpdeid to various concentrations 


‘of sucrose in vitro calculated on the basis of two different assumptions 


Rabbit uterus Cat uterus 
(mM) (ml./kg) (ml./kg) (ml./kg) (ml./kg) 
0 398 . — 398 
20 392 656 
40 430 612 407 722 
80 398 620 512 529 
100 444 | 635 398 636 
158 — 615 615 


_ Assumption (1): that the difference between the solids per kg fresh weight of tissues was 
due to the difference in the composition of the extracellular fluid when immersed in sucrose- 
containing solutions and in saline-potassium bicarbonate. 

Assumption 2: that the tissue chloride in all these tissues was distributed according to 
the equation: [Cl], = [Cl},4+[Cl]. V.+[Cl],V,; when [Cl},q = the tissue chloride present 


/ at [Cl], = 0, and when [Cl], = [Cl],/6-5. This ratio gives a Donnan potential of 50 mV. 


These volumes were fairly consistent in both rabbit and cat uteri, averaging about 420 ml./kg 
in spite of the large maximum errors to be expected in these calculations (7-20%) based on 
inereases in solids of 2-6—-7-1 mg in an average 200 mg piece containing 0-08 ml. of extra- 
cellular fluid and on weighing to a minimum accuracy of + 0-25 mg). This figure is very close 
to the corrected value for the chloride space of fresh rabbit uterine tissue and supports the 


‘assumption that this is a valid estimate of V,. The figure is lower than the corrected chloride 


space in cat uterus (520 ml./kg) but this may be the result of changes in chloride permeability 
occurring during the prolonged procedures necessary in taking the uterus from pregnant cats 
whilst saving the animals. 

In these same tissues, and in tissues in which choline was substituted for sodium, the slopes 
of the curves relating concentrations of sodium in the tissue to those in the medium give a 
crude estimate of V,. These slopes were from 650 to 735 ml./kg, but were linear only at 
sodium concentrations greater than 40 m-equiv/]. In media containing sucrose the slopes 
of curves relating tissue and medium chloride concentrations varied from 650 to 770 ml./kg 
and were approximately linear. Applications of corrections for bound and for cellular 
chloride reduced this volume to approximately 625 ml./kg (Table 3). Calculations of a 
similar nature applied to other tissues after recovery lead to values for V, near 625 ml./kg 
in both rabbit and cat uteri. A similar figure (635 ml./kg) is obtained when calculations are 
made for cat uterine tissue after exposure to cold during the night. For rabbit uteri the 
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comparable figure is 520 ml./kg, intermediate between the values for fresh tissue and that 
after recovery. 

Clearly, an additional portion of the tissue fluid becomes accessible to sodium and chloride 
during the incubation in vitro of these tissues. Expansion of the volume accessible to sodium 
and chloride occurs in vitro even in experiments omitting the intervening period of metabolic 
inhibition in the cold (Daniel & Daniel, 1957). Damage to some cells might increase the ion 
spaces. In calculating intracellular ion concentrations the figures of 420-430 will be used 
for fresh tissue and the appropriate larger figures for tissues incubated in vitro. If expansion 
of the ion space in vitro results from altered permeability in some cells, this procedure in- 
volves the assumption that these damaged cells. can be treated as equivalent to extracellular 
fluid. 

Figures for cellular concentrations of sodium and potassium have been calculated in some 
tables by using values for V, based on this assumption. Two other assumptions were made 
in calculating these concentrations. They were: (1) the quantity of bound ions was constant 
and (2) the Donnan potential for chloride did not change. In experiments in which the 
external potassium concentration was raised this last assumption was probably incorrect. 
Therefore, the calculations were made assuming either that the extracellular fluid volume 
(V.) was unchanged from its value at physiological concentrations of potassium, or that V, 
from equation (3) below was such as to fit with the distribution of potassium and chloride 
according to the same Donnan potential (Conway, 1957; Daniel, 1958): 

(K), [Cl], + [K],[Cl},— 
In the derivation of this equation potassium and chloride activities in the tissue were 
assumed equivalent to their concentrations and the concentration of ~— in cellular and 
extracellular fluid was taken as unity. 


RESULTS 
Inhibition by cold and subsequent recovery 

Rabbit uterus. Rabbit uterine segments placed in K-free Krebs’s solution 
and kept during the night at 4° C without aeration lost 40-50 m-equiv 
potassium/kg and gained a similar amount of sodium (Table 4). The total 
concentration of these univalent cations per litre of tissue was not altered 
significantly by this procedure but tended to be slightly reduced. Chloride 
ion penetrated into a slightly greater proportion of the tissue water (about 
40-60 ml./kg). This was trivial compared to the marked increase of 250- 
300 ml./kg in the apparent volume of distribution of sodium. During the 
over-night interval at low temperature the uterine segments lost solids but 
gained water. 

When returned for 2 hr to oxygenated Krebs-Ringer solution at 37° C, 
these segments reaccumulated potassium to an extent amounting to more 
than half the potassium which had been lost (about 25 m-equiv/kg) and 
expelled a nearly equivalent amount of sodium (about 19 m-equiv/kg). 
The water which had been taken up was also expelled. The total con- . 
centration of these univalent cations per litre of tissue water was increased 
slightly. Presumably both expulsion of water and net retention of sodium 
accounted for this slight increase in cation concentration. The increase in 
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chloride concentration (about 8 m-equiv/kg) was roughly what would be 

ted to maintain a balance between movements of anions and cations, 
since gain of K exceeded loss of Na by about 6 m-equiv/kg. The absence 
of external potassium in the recovery media completely prevented ex- 
trusion of sodium as well as reaccumulation of potassium. Extrusion of 


Taste 4. Ions, water and solids in rabbit and cat uterine wall segments 


Change in 
Number 7 D 
of [K + Na}, [H,0}] 
experi- [K]}, Cl (g/kg fresh 
Tissues ments (m-equiv/kg) (m-equiv/1.) weight) 
; (a) Rabbit uterus 
Fresh control 
Oestrogen 18 67-6 80-9 63-4 172°3 [862]* 
Oestrogen + proges- 19 68-3 76°6 61-9 169-1 [856] — 
terone 
Cold during night 
Oestrogen 18 20-9 127-2 168-4 —18 +19 
Oestrogen + proges- 19 22°4 117-8 17+4 160-6 -14 
terone 
Recovery 2 hr at 37° C. 
K-free Krebs’s solution 
8 ~ 21-7 134-2 78-6 195-9 — 23 — 66 
(2) Krebs’s solution 
Oestrogen 18 47-3 102-5 88-1 107-4 —19 —13 
Oestrogen + pro- 19 44-0 102-5 85:3. 168-1 —12 —10 
ang 
(3) PO,-free Krebs’s solution 
All 37 46-1 105-1 86-2 172-3 —17 — 2 
Cold during night j . 
All 41 85-0 167-6 —17 +44 
Recovery 2 hr at 37° C. 
(1) K-free Krebs’s solution 
All 39 22-3 124-0 84-8 168-7 — 22 —27 
(6) Cat uterus 
Fresh control 16 57-2 96-6 187-8 [820] 
Cold during night 16 15-6 123-8 100-5 162-1 —31 +161 
Recovery 2 hr at 37° C. : wee 
(1) K-free Krebs’s 8 15-8 124-4 92-3 164-5 — 29 +76 
solution 
(2) PO,-free Krebs’s 8 29-1 108-7 101-7 159-7 —38 +191 
solution 


* The numbers in brackets show [H,0}, for the fresh controls, 


the water which had been accumulated during the night did occur in the 
absence of external potassium. This would be compatible with the sug- 
gestion that water accumulation results from autolytic changes (as sug- 
gested by the losses of solids) which cause the intracellular accumulation 
of osmotically active intermediates (Conway & Geohegan, 1955). The fact 
that no further exchanges in sodium and potassium occurred during these 
2hr in warmed K-free medium suggested that the remaining potassium 
was very difficult to remove from the cell and may have been bound or 
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confined behind a diffusion barrier such as the mitochondrial membrane 
(Mudge, 1953). 

Table 4: also indicates that a Krebs—Ringer solution prepared without 
phosphate was just as effective as a recovery medium as a solution con- 
taining phosphate. This phosphate-free medium was used subsequently 
in most studies with metabolic inhibitors because it allowed a number of 
problems of solubility to be avoided. 

Table 4 also shows the characteristic but significant differences in 
uterine segments pre-treated with progesterone (Daniel & Daniel, 1957). 
During the night they lost less potassium and gained less sodium and 
chloride. In addition, they regained less potassium and extruded less 
sodium during recovery. Apparently progesterone pre-treatment reduced 
the leakiness of tissues during incubation at 4° C. As a consequence, these 
tissues started recovery with more cellular potassium and less sodium ia 
hence recovery was less. 

Cat uterus. Pregnant cat uterus is like skeletal muscle and unlike the 
muscle of rabbit uterus in a number of its electrical properties, e.g. 
excitation by cathodal currents, conducted, all-or-none action potentials 
(Bozler, 1938; Daniel & Singh, 1958; Daniel, 1960). It is like uterine muscle 
from non-pregnant rabbits in other properties: excitation by stretch and 
persistence of action potentials unaltered in amplitude, in configuration or 
in conduction velocity in media containing one-fifth the normal sodium 
concentration (Daniel & Singh, 1958; Daniel, 1960; H. Singh, unpublished). 
Active transport of sodium and potassium in uterine strips from pregnant 
cats also resembles that in rabbit uterine segments. As is illustrated in 
Table 4, strips of cat uterus lost potassium and gained sodium after 
exposure during the night to cold K-free Krebs’s solution. A loss of solids 
and a marked uptake of water also occurred. The gain in sodium was 
usually less than the loss of potassium, so that the total of these univalent 
cations per litre of tissue was slightly diminished. This may have resulted 
from the use of a medium with a sodium concentration some 15-18 m- 


equiv/l. less than that in cat plasma (Daniel & Daniel, 1957). No extrusion © 


of the accumulated sodium occurred in the absence of external potassium, 
when these strips were exposed to warm, oxygenated media. Likewise, no 
further loss of potassium or gain of sodium was found in such tissues. 
Extrusion of sodium and reaccumulation of potassium did occur when 
potassium was present in the recovery medium. This recovery was rela- 
tively less complete than that occurring in rabbit uterine segments, 
amounting to a reaccumulation of only 10-20 m-equiv potassium/kg. 
There was extrusion of a roughly comparable quantity of sodium. 
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Localization of ion exchanges in rabbit uterine segments 

The uterus is composed of several histological cell types inseparably 
mixed together. In addition, it contains two separate layers which differ 
in their predominant cellular component, the endometrium and the 

’ myometrium. Separation of the layers is difficult to carry out (Daniel, 
1958). To guarantee that at least one component should be free from con- 
tamination with the other, the longitudinal muscle layer of the myome- 
trium was separated from the remainder of the segment just before the 


TapiE 5. Localization of tissue components which actively transport sodium and potassium 


in rabbit uterus 
[K + Na}, Nasp [H,0}, [H,0}, 
N 


‘Tissue (K}, [Nak (Cl,  —Clsp Isp —Nasp 
components Procedure (m-equiv/kg) (m-equiv/l.) (ml./kg.) (ml./kg) (ml./kg) 
ium e=—C— Control 75:3 96:3 68-8 208-5 26 200 173 
Night in cold K-free 31:5 149-7 86-5 217-5 354 142 — 212 
Krebs’s solution 
+120 min in PO,-free 67:7 113-2 89-1 216°5 lll 122 116 
Krebs’s solution at 
37° C, 
trium+ Control | 67:7 92-2 68-8 187-8 —3 228 236 
myometrium Nightin cold K-free 22-7 136-1 88-1 183-2 250 165 — 126 
Krebs’s solution | | 
+120 min in PO,-free 40-5 115-9 91-9 180-2 108 * 132 25 
Krebs’s solution at 
37° C, 
Intact +120 min in PO,-free 43-4 109-2 85-8 175-4 122 ~ 196 76 
Krebs’s solution at 
37° C. 
recovery + 120-240 min in 48-5 94-1 171-9 —7 125 132 
and recording  PO,-free Krebs’s 


of activity solution at 37° C. 
Each value is the mean of 8 determination 


final weighing and the two portions analysed separately. Table 5 sum- 
marizes the results of such an experiment. The isolated myometrium lost 
44m-equiv potassium/kg and gained 53 m-equiv sodium/kg during the 
night. The chloride space expanded and calculations indicated that about 
73 m-equiv chloride/kg had moved into cells. This was approximately 
enough to account for the uptake of sodium in addition to that exchanged 
for potassium. After 2 hr in the recovery medium the myometrium had 
regained 36 m-equiv potassium/kg and expelled a like amount of sodium. 
_ Though similar amounts of sodium and potassium were exchanged during 
the night in the remainder of the uterus, recovery was much less complete 
18 m-equiv potassium/kg regained and 20 m-equiv sodium/kg expelled. 
Chloride concentrations, and derived V, values, in the myometrium and whole 
uterus showed no obvious differences before or after recovery. These results 
strongly suggested that the recovery process occurred chiefly in the myome- 
trium, since its extent is reduced when other tissue components are present. 
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Physiological functioning of pieces after recovery 

The concentrations of water and electrolytes in these segments after 
2 hr recovery were similar to those in pieces which had been exposed only to 
Krebs-Ringer solution in previous experiments in which motility or 
electrical activity was recorded (Daniel, 1958; Daniel & Singh, 1958; 
H. Singh, unpublished). Several pieces were therefore taken after exposure 
during the night to the cold K-free medium, slit along their mesenteric 
attachments and mounted in the usual fashion in Krebs—Ringer solution 
for study of electrical and mechanical recording (Daniel & Singh, 1958; 
H. Singh, unpublished ; Daniel, 1960). Within 2 hr after being so prepared 
spontaneous mechanical activity had begun and typical action potentials 
were recorded. Although these tissues were slit open so that the endo- 
metrial and myometrial surfaces were equally exposed to the recovery 
medium, and although they were usually left. in the medium for 3-5 hr, 
the extent of recovery of tissue electrolytes (Table 5) was indistinguishable 
from those reported in Table 4. In view of this result it appears unlikely 
that relative anoxia caused the failure of active transport in the endo- 
metrium. Strips of cat myometrium also recovered normal punetion after 
exposure to cold for as long as 48 hr. 


Intracellular ion concentrations 


The average values for intracellular concentrations of sodium and 
potassium in the fresh, cold-inhibited, and re-warmed uteri can be cal- 
culated (Table 6) by using the values for the corrected chloride spaces as 
an estimate of the extracellular fluid volume (as discussed under Methods). 
Calculated concentrations of intracellular chloride have not been included 
because assumptions involving the distribution of this ion were included 
in one of the processes whereby V, was estimated. The values in the table 
indicate that, when loss of selective permeability in some cells is allowed 
for by the increments in V,, the recovery after metabolic inhibition is 
virtually complete. Presumably the cells with increased leakiness are 
mainly in the endometrium, since the myometrium recovers nearly com- 
pletely from metabolic inhibition by low temperature. This conclusion is 
supported by the complete recovery of contractile activity observed in 
these tissues. | 

The results demand the postulation of active extrusion of sodium, since 
the membrane potentials of these myometrial cells average about 50 mV 
inside negative (Daniel & Singh, 1958) in fresh tissues. The calculated 
equilibrium potentials for sodium range from 9 to 75 mV inside positive 
(Table 6). Thus, sodium extrusion from cells cannot be attributed to the 
electrochemical gradient. The rise in intracellular sodium concentration 


t . 4 
ves 
+ 
Lt, 
Ag 
7 
4 


ION TRANSPORT IN UTERINE SEGMENTS 431 


during exposure to cold and subsequent recovery also rule out  imper- 
meability as an explanation for the selective exclusion of sodium from cells. 
The equilibrium potentials for sodium in fresh myometrium vary from 
+43 to +75 mV. They therefore provide no explanation for the repeated 


- failure to record overshoots larger than 10-15 mV (Woodbury & McIntyre, 


1956; Daniel & Singh, 1958). 


Taste 6, Ion distribution and equilibrium potential in uterine muscle 


Source 
of V. [K]}, [Na], Ex, 

tissue Treatment (ml./kg) (m-equiv/l.) (mV) (m-equiv/l.) (mV) 
Rabbit Fresh* 420 139 —91 8-5 +75 
Night in coldt 520 49 —72 96 + 9 
Recovery in Krebs’s 620 149 —92 14 + 60 

solution 
Cat Fresh* | 430 119 — 86 30 +43 
Night in coldt 635 50 — 53 93 +10 
Recovery in Krebs’s 635 115 —85 29 +43 

solution 


The values used in all calculations were rounded-off averages. [H,O], was always assumed 
to be 988 and [Na},, was taken as 15. [H,O], was taken as 988 (the value for Krebs’s 
solution) except in fresh tissues. 


*'The values for fresh  [K} [Nak [H,O, [Nek | 
g 


tissues were: (m-equiv/kg) (g/kg) (m-equiv/l.) 
Rabbit uterus 68 80 860 4:5 145 . 930 
Cat uterus 57 4:5 155 920 
+ The values were: : 
Rabbit uterus 20 123 880. 3-3 137 od 
Cat uterus 16 124 860 6-8 137 
t The values were: 
Rabbit uterus 45 104 892 4-6 137. -— 
Cat uterus - 30 109 860 46 137 — 


The calculated equilibrium potentials for potassium (£,) in fresh tissue 


are appreciably more negative than those recorded with micro-electrodes 


(—85 to —92 versus —50 mV). Even using the largest possible K (by 
assuming that V, is equivalent to the inulin space), the intracellular 
potassium concentration is found to be far too high to fit with the measured 
electrochemical gradient. Three other possibilities might explain the dis- 
crepancy. First, there may be a fraction of bound potassium in cells which 


_ does not contribute to the electrochemical gradient. Even the assignment 


of all the potassium remaining after inhibition in the cold to a bound 
fraction reduces the concentration gradient only to 12 times or more, so 
that Z, remains at least 66 mV negative inside. Secondly, the measure- 
ment of membrane potential may be in error because of damage by the 
micro-electrodes or because of junction potentials. In this regard it is of 
interest that metabolically deranged myometrial cells have an Hy much 


_ Closer to the resting membrane potential and an Hy, very near to the over- 
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shoot usually recorded during action potentials. Finally, active inward 
transport of potassium may occur. Obviously a decision among the three 
possibilities (potassium binding, errors in measuring resting potentials, 
and active potassium transport) cannot be reached on the basis of the 
present data. 


Effect of variation in external sodium concentration on recovery 

As mentioned above, the presence of external potassium is required for 
the extrusion of sodium accumulated during metabolic inhibition. This is 
characteristic of tissues in which sodium is extruded actively in exchange 
for intracellular potassium. For some fresh tissues it has been proposed 
(Shanes, 1958) that potassium accumulation depends upon exclusion of 
external sodium and therefore upon the concentration of sodium in the 
medium. If recovery of uterine tissues from inhibition by low temperature 
depends exclusively on exclusion of external sodium, reduction of external 
sodium should prevent recovery. 

To test this point a simplified recovery medium was used, saline- 
potassium bicarbonate (Table 1). Recovery in this medium was almost as 
complete as in Krebs—Ringer solution (compare Tables 7 and 8 to Table 4), 
despite the absence of calcium. This medium possesses the advantage of 
allowing alterations in sodium or chloride independently of other ions. 
In other experiments calcium alone was omitted from the recovery medium 
without any effect on the process. This probably indicates tight binding of 
calcium to sites at which it functions rather than the indifference of the 
membranes of uterine cells to the presence of calcium. In experiments in 
which electrical and mechanical activity of uteri were recorded in media 
lacking calcium, repeated washing was necessary to demonstrate that 
uterine muscle requires calcium for contraction. 

There was substantial reaccumulation of potassium in all tissues, despite 
reduction or absence of external sodium, irrespective of whether choline or 
sucrose was used as a substitute (Tables 7 and 8). When sucrose was sub- 


tion ‘was not significantly less than in the unsubstituted media. When 
choline was substituted for sodium ion, so that the sodium concentration 
was reduced to less than 80 m-equiv/l., reaccumulation of potassium was 
diminished, However, only in strips of pregnant cat uterus did reduction of 
sodium by replacement with choline to levels incompatible with electrical 
and mechanical activity (0 and 20 m-equiv/I.; Daniel & Singh, 1958) cause 
any further inhibition of potassium accumulation. In’cat uterus replace- 
ment of sodium with choline diminishes potassium reaccumulation from 
12:1 m-equiv/kg at 40 m-equiv/l. to 2-6 m-equiv/kg when sodium was 
absent. In general, however, these data support the hypothesis that 


stituted in varying amounts for sodium chloride, potassium reaccumula- 
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cml 7. Effect of external sodium concentration on active transport by rabbit uterus 


Changes i in 
Number [K+Na},. Dry 
of [K}, [Na}, (Cl,  [H,0}, solids [H,O}, [Na], [K]}, [Na+K], 
Tigsuos oxpts. (m-equiv/kg) (m-equiv/l.) (g/kg fresh weight) (m-equiv 1.) 
| Choline substituted for sodium in saline-KHCO, medium 

Oestrogen 0 4 31-2 169 112-6 56-2 —13 +16 7 107.114 
20 4 33°5 31:3 116-2 75-1 109 
40 4 30-5 37-0 112-2 77-2 — 13-5 +68 -—8 95 ssi 
80 4 35-1 61:4 109-2 110-6 — 16-5 +69 —7 112 — 
100 4 38:6 78:2 108-3 133-9 — 14-5 +74 10 132 142 
158 4 37:7 112-4 112-2 171-2 —17 +111 . 129 
} (estrogen + 0 4 30-4 29-8 119-9 71-2 —17 —145 60 lll . 171 
progesterone 20 4 29-0 346 104-5 —18 —88 28 102 +130 

40 4 31-6 107-6 92-8 —15 —55 31:5 108 
80 4 32-4 64-9 108-5 114-2 —205 —105 0 118 

100 4 35:2 82-4 102-1 138-2 —21 . —96 20:5 1382 152°5 
158 4 40°3 126-5 114°5 191-3 —18 +60 49 142 191 

Sucrose substituted for sodium chloride in saline-KHCO, medium 

All tissues 0 8 34:1 39:0 10-9 90-0 +18 —178 106 137 243 
20 8 42-4 50:3 23-9 114-2 +14 —156 99 171 270 
40 8 41‘7 53:9 36-8 115-9 +12 —106 58 162 220 
80 8 43-9 75-7 63:8 142-2 + 1 —63 44 171 215 
100 8 43:6 88-2 78-9 155-4 — 2 ~42 3 169 172 
158 8 - 39-6 116-6 . 114-4 170-3 — 16-5 +50 Ii 137 148 


See Table 4, part 1, for control values. For calculation of cellular ion concentrations, V, in choline 
solutions was the corrected chloride space (see Methods) of the tissues in 158 m-equiv Na/l. V, was 605 
ml/kg in the oestrogen-treated tissues and 623 ml./kg in the progest e-treated tissues. In sucrose 


solutions, V, was 625 ml./kg, from Table 3. % 


) TABLE 8. Effect of external sodium concentration on active transport in strips of 
pregnant cat uterus* 


| Changes in 
Number [K+Na], Dry 


of [K}, [Clk [H,O}, solids [Na] [K] [Na+K] 
Tasues [Na], expts. (m-equiv/kg) (m-equiv/l.) (g/kg fresh weight) m-equiv/l.) 

Choline substituted for sodium 

All 0 4 22-2 23-4 89-6 54-1 — 22 +30 26 61 

20 4 28:1 27-9 108-2 66-5 —13 + 36 6 80 

40 4 31-7 40-3 108-8 84:8 —19 + 63 aye 90 

80 4 35:3 63-2 108-4 116-8 — 16°5 +48 15 103 

100 4 34-2 77-6 107-0 131-4 —21 +61 25 98 

158 4 34-9 112-3 110-7 171-1 — 24-5 +120 33 99 
: Sucrose substituted for sodium 

Al 0 4 266 20-7 18-6 59-8 + 15 — 106 27 109 

-4 27-6 323 31-9 74-9 0-0 $8 

40 4 275 513 48:3 96-8 — 6 — 35 49 106 

80 . 4 25-5 69-0 65-5 113-5 — 10-5 +43 17 95 

100 4 "27-4 85°5 © 85-7 133-9 — 20 +78 33 100 

158 4 29-8 121-5 121-5 176-3 — 33 +107 33 115 


| * For calculation of cellular ion concentrations V, was calculated as in Table 7. For tissues in choline 
‘tations V, was 544 ml./kg and in sucrose solutions V, was 625 ml./kg. 
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shoot usually recorded during action potentials. Finally, active inward 
transport of potassium may occur. Obviously a decision among the three 
possibilities (potassium binding, errors in measuring resting potentials, 
and active potassium transport) cannot be reached on the basis of the 
present data. | 


Effect of variation in external sodium concentration on recovery 

As mentioned above, the presence of external potassium is required for 
the extrusion of sodium accumulated during metabolic inhibition. This is 
characteristic of tissues in which sodium is extruded actively in exchange 
for intracellular potassium. For some fresh tissues it has been proposed 
(Shanes, 1958) that potassium accumulation depends upon exclusion of 
external sodium and therefore upon the concentration of sodium in the 
medium. If recovery of uterine tissues from inhibition by low temperature 
depends exclusively on exclusion of external sodium, reduction of external 
sodium should prevent recovery. 

To test this point a simplified recovery medium was used, saline- 
potassium bicarbonate (Table 1). Recovery in this medium was almost as 
complete as in Krebs—Ringer solution (compare Tables 7 and 8 to Table 4), 
despite the absence of calcium. This medium possesses the advantage of 
allowing alterations in sodium or chloride independently of other ions. 
In other experiments calcium alone was omitted from the recovery medium 
without any effect on the process. This probably indicates tight binding of 
calcium to sites at which it functions rather than the indifference of the 


_ membranes of uterine cells to the presence of calcium. In experiments in 


which electrical and mechanical activity of uteri were recorded in media 
lacking calcium, repeated washing was necessary to demonstrate that 
uterine muscle requires calcium for contraction. 

There was substantial reaccumulation of potassium in all tissues, despite 
reduction or absence of external sodium, irrespective of whether choline or 
sucrose was used as a substitute (Tables 7 and 8). When sucrose was sub- 
stituted in varying amounts for sodium chloride, potassium reaccumula- 
tion was not significantly less than in the unsubstituted media. When 
choline was substituted for sodium ion, so that the sodium concentration 
was reduced to less than 80 m-equiv/l., reaccumulation of potassium was 
diminished. However, only in strips of pregnant cat uterus did reduction of 
sodium by replacement with choline to levels incompatible with electrical 
and mechanical activity (0 and 20 m-equiv/l.; Daniel & Singh, 1958) cause 
any further inhibition of potassium accumulation. In cat uterus replace- 
ment of sodium with choline diminishes potassium reaccumulation from 
12-1 m-equiv/kg at 40 m-equiv/l. to 2-6 m-equiv/kg when sodium was 


_ absent. In general, however, these data support the hypothesis that 
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Taste 7. Effect of external sodium concentration on active transport by rabbit uterus _ 
Changes in 
umber [K+Na, Dry 
of ([K}, [Cth  [H,O}, solids [H,O} [K}, [Na+K], 


{Na}, expts.  (m-equiv/kg)  (m-equiv/l.) (g/kg fresh weight) (m-equiv 1.) 
Choline substituted for sodium in saline-K HCO, medium 
Oestrogen 0 4 31-2 169 112-6 56-2 —13 +16 #7 107. 
20 4 33-5 31:3 116-2 75:1 — 9-5 109 
40 4 30-5 37:0 112-2 77-2 —13°5 +68 —8 95 
80 4 35:1 61:4 169-2 110-6 — 16-5 +69 —7 112 — 
100 4 38-6 78:2 108-3 133-9 — 145 +74 10 132 142 
158 4 37-7 112-4 112-2 171-2 —17 +111 5 124 129 
Oestrogen + 0 4 30-4 29:8 119-9 71-2 —17 —145 60 lll 171 
progesterone 20 4 29:0 34:6 104-5 74:5 —18 —88 28 102 +=130 
40 © 4 31-6 48-7 107-6 92-8 —15 —55 31-5 108 = 139-5 
80 4 32-4 64-9 108-5 114-2 —20-5 —105 0 118 118 
100 4 35:2 82-4 102-1 138-2 — 21 —96 20-5 132 152-5 
158 4 40-3 126-5 114-5 191-3 —18 +60 49 142 191 
Sucrose substituted for sodium chloride in saline-K HCO, medium 
All tissues 0 8 34-1 39:0 10-9 90-0 +18 —178 106 137 243 
20 8 424 503 23-9 114-2 +14 —156. 99 270 
40 8 41-7 53:9 36-8 115-9 +12 —106 58 162 220 
80 8 439 757 638 142-2 44 171 215 
100 8 43-6 88-2 78-9 155-4 — 2 - 42 3 169 172 
158 8 39-6 116-6 114-4 170-3 — 16-5 +50 Ii 137 148 . 


See Table 4, part 1, for control values. For calculation of cellular ion concentrations, V, in choline 
solutions was the corrected chloride space (see Methods) of the tissues in 158 m-equiv Na/l. V, was 605 
mL/kg in the oestrogen-treated tissues and 623 ml./kg in the progesterone-treated tissues. In sucrose 
solutions, V, was 625 ml./kg, from Table 3. 


} TaBLE 8. Effect of external sodium concentration on active transport in strips of 


pregnant cat uterus* 
Changes in 
Number [K+Na, Dry 
of [K} [Na} [Clk {[H,O}, solids [H,O}, [Na] [K], [Na+ K} 
Tiasues [Na], expts. (m-equiv/kg) (m-equiv/1.) (g/kg fresh weight) (m-equiv/1.) 
| Choline substituted for sodium 
All 0 4 22:2 23-4 89-6 54:1 — 22 +30 26 61 87 
20 4 28-1 27-9 108-2 66-5 —13 + 36 6 80 86 
40 4 . 31:7 40-3 108-8 84-8 —19 + 63 11 90 101 
80 4 35:3 63-2 108-4 116-8 — 16-5 +48 15 
100 4 34-2 77-6 107-0 131-4 —21 +61 25 98 123 
158 4 34-9 112-3 110-7 171-1 — 24-5 +120, 33 99. 131 
. Sucrose substituted for sodium 
All 0 4 26-6 20:7 18-6 59-8 + 15 — 106 27 109 136° 
! 20 4 276 32:3 31-9 74:9 0-0 —77 22 112 134 
40 4 27-5 51:3 483 96-8 ‘— 6 — 35 49 106 155 
80 4 255 69-0 65-5 113-5 — 10-5 +43 17 95 112 
100 27-4 855 85-7 «183-9 —20 +78 33 100 133 
158 4 29-8 121-5 121-5 1763 — 33 +107 33s «115 148 


* For calculation of cellular ion concentrations V, was calculated as in Table 7. For tissues in choline 
— V, was 544 ml./kg and in sucrose solutions V, was 625 ml./kg. 
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internal rather than external sodium ion is critical for reaccumulation of 
potassium. 

In essentially NaCl-free sucrose-Ringer’s solution, uterine tissues retain 
significant quantities of sodium and chloride. Sodium retention has been 
noted before (Daniel & Daniel, 1957), but proof of chloride retention 
required a micromethod. In rabbit uterine segments (Table 7) there was 
more tissue sodium than chloride at all concentrations of these ions in the 
sucrose-containing media and at a given concentration of external sodium 
more sodium was retained by the tissues in the sucrose media than in the 
choline solutions, in confirmation of previous findings (Daniel & Daniel, 
1957). In both rabbit and cat uteri (Tables 7 and 8) there was a greater 
reduction in tissue water in sucrose-Ringer media than in comparable 
choline-Ringer media (> 200 ml./kg with complete replacement of sodium). 
In rabbit uterine segments greater reduction in tissue water occurred in 
choline media if the pieces had been pre-treated with progesterone. In all 
instances water losses were too large to be explained even by total replace- 
ment of tissue fluids by sodium-deficient solutions containing more solids. 

To evaluate further the changes in tissue sodium and water the cellular 
concentrations of potassium and sodium were calculated (see Methods). 
In choline solutions (Tables 7 and 8), the cellular fluid was deficient in 
cations. If choline ions, as well as potassium ions, can enter uterine cells 
in exchange for sodium, the decreased reaccumulation of potassium and the 
apparent deficiency of cations in cells of these tissues could be explained. 
The hypotonic cellular cation concentrations suggest that water loss from 
cells in choline-containing media was secondary to loss of electrolytes. 


In pieces of cat uterus exposed to pure choline—Ringer solution the reaccumulation of 
potassium was significantly decreased as compared with segments exposed to partial choline— 
Ringer, and in addition the volume of: tissue fluid accessible to chloride was significantly 
diminished. The chloride space in these tissues calculated after corrections for bound and 


cellular chloride (see Methods) was 448 ml./kg tissue. This value is very close to that cal- 


eulated for the volume of distribution of sucrose (Table 3) in these experiments and to that of 
the corrected chloride space of fresh cut uteri. Thus chloride was restricted to a tissue volume 
equivalent to that accessible to sucrose when there was little or no external sodium. No 
simple explanation of this observation is entirely satisfactory. 

In sucrose solutions pieces of rabbit and cat uterus responded differently. The cellular 
concentration of potassium was not consistently altered in either type of tissue by reduction 
of external sodium concentration. However, in rabbit uterus, though not in cat uterus, the 
cellular concentrations of sodium were calculated.to be increased. In addition, the sum of 
cellular sodium and potassium concentrations was markedly increased. If this result is 


explained by assuming that rabbit uterine pieces extruded sodium less effectively into — 


sucrose—Ringer solutions, it becomes necessary to make additional postulations to explain 
the reaccumulation of potassium and the hypertonicity of these cells. A simpler explanation 
is that the additional cellular sodium is an artifact of the calculations, and that it is really 
sodium which is outside the myometrial cells and which could not exchange completely or 
became bound in media with reduced sodium dffd chloride. 
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Thus, these experiments provided evidence which strongly supports the © 
_jndependence of active sodium extrusion and of potassium reaccumu- 
lation from the concentration of external sodium, but in addition 
yielded results which are not explicable unless additional assumptions 
are made. : 

Recently Whittam & Breuer (1959) have published results similar in 
gome respects to these. They found that potassium retention by the 
guinea-pig seminal vesicle mucosa in a sucrose medium is identical with 
that in a complete medium. The small loss of potassium in a choline 

‘medium they attribute to choline permeation into the cellular fluid. These 
authors also noted that in a sodium-free medium potassium retention was 
independent of metabolic inhibition sufficient to cause marked losses of 
this ion in the standard medium. They postulated that the retention of 
_ potassium under these conditions was dependent on a Donnan equilibrium 
set up by indiffusible anions. Such a hypothesis would not suffice, however, 
as an explanation for the sodium extrusion observed in uterine tissues 


exposed to sodium-poor media. 


Elevation of external potassium 


_ According to Conway (1957) potassium and chloride ions freely penetrate _ 
the membranes of striated muscle cells and distribute themselves according 
toa Donnan equilibrium. When potassium chloride is added to the bathing © 
medium, it penetrates into the cell water and at equilibrium raises the con- 
centration of potassium and chloride in the cells without a net uptake of 
water into the cells. 

In a number of experiments on rabbit uterus the potassium concentra- 

tion of the recovery medium was elevated to 25 m-equiv/l. by addition of 
potassium chloride 20 m-equiv/l. These experiments are summarized in 
Table 9 which also contains data analysing the effects of the addition of 
glucose and bicarbonate to the recovery medium (see below). In four of 
the series of experiments summarized in Table 9 and identified by an 
asterisk, saline-bicarbonate medium was unmodified except for variation 
in potassium concentration. When the average values obtained at 5 and 
25 m-equiv potassium/l. are compared, it is obvious that the average 
tissue concentration of potassium was elevated by 18-7 m-equiv/kg (in 
terms of the tissue water this was an average elevation of 21-7 m-equiv/I.). 
Therefore, the extra potassium appeared to have been distributed through- 
out the tissue water. The average tissue chloride, however, increased only 
141 m-equiv/kg and the chloride concentration increased only 16-4 
M-equiv/]. tissue water. Therefore, the extra chloride was not distributed 
throughout the tissue water. In fact, the chloride space did not expand 
significantly relative to tissue water in any of these experiments. 


hee 
a} 
My 
a 
i 
4 
i 
a 
7 
+h, 
v 
4 


436 E. E. DANIEL AND KATHLEEN ROBINSON 


The average tissue sodium concentration was diminished by 1-5 m-equiv/ 
kg in these experiments. The sodium concentration per litre of tissue water 
was decreased by 1-7 m-equiv so that, taken together with the changes 
in potassium, there was a net increase in univalent cation of approximately 
20 m-equiv/l. Tissue water loss generally tended to accompany elevation 
in potassium, so that the increased ion concentration probably resulted 
from osmotically impelled loss of cellular water. Under the experimental 
conditions used, potassium appeared to enter cells of rabbit. uterine 
segments mainly accompanied by chloride, but also to a smaller extent in 
exchange for sodium or hydrogen ion and usec by an anion other 
than chloride. 


The effect of elevation of external potassium on intracellular ions was analysed by cal- 
culations using the corrected chloride space as V, for each group of tissues exposed to 
5 m-equiv potassium/l. and then assuming that V, was the same in the comparable pieces 
exposed to 25 m-equiv potassium/l. In every group the potassium concentration in the cells 
was estimated to increase more than the chloride concentration (19, 42, 26-5 and 16 versus 
4, 11, —2, and 11 m-equiv/l. respectively; over-all averages 26 and 6-5 m-equiv/l.). 

’ One other assumption could plausibly be used in estimating V,; namely that potassium 
and chloride distribution between cells and medium were determined by the same Donnan 
potential (see Conway, 1957; Daniel, 1958). Using these values for V, the over-all average 
increase in intracellular potassium was calculated to be greater than that of chloride (33 
versus 16 m-equiv/l.). However, in two of the four groups.(III and IV) the group averages 
indicated a larger increase in cellular chloride concentration {17 and 24 m-equiv/l.) than in 
' potassium (5 and 7 m-equiv/l.). Given the fact that the total tissue potassium increases 
more than the tissue chlorides in these two groups, the above values for changes in cellular 
concentrations could only have occurred if the values of V, had decreased and those of Y; in 
creased after elevation of the potassium concentration. 

In view of the fact that the tissue water concentration was decreased in these two groups 
at 25 m-equiv K/l. compared to the water concentration at 5 m-equiv K/l. in the same series 
((—8)—(+ 26) = (—34) in iT and (+ 68)—(+91) = (—23) in IV), it is difficult to accept the 
validity of calculations which indicate an expansion of cellular fluid volume. However, 
these results illustrate the necessity of independent and accurate measurements of V/V, if 
cellular ion concentrations are to be estimated without ambiguity. 

The Donnan ratios obtained in these last calculations averaged 34 in the 5 m-equiv K/I., 
and decreased to 8 in the 25 m-equiv K/l. These ratios lead to potentials of 94 and 55 mV, 
respectively, inside negative. 


Effects of bicarbonate and glucose 


A medium containing only sodium and potassium chloride permits 
active transport in rabbit uterine segments, though sodium extrusion was 
less than potassium reaccumulation (Table 9). Potassium reaccumulation 
improved when bicarbonate and glucose were added to the recovery 
medium. Sodium extrusion was not similarly improved. Thus, a further 
significant increase in the concentration of univalent cations in the tissue 
water occurred in this medium. Additional experiments were carried out 
to determine whether the glucose or the bicarbonate was responsible for 
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these differences. Addition of bicarbonate appeared to account for most of 
the improvement in potassium reaccumulation and the elevation of the 
concentration of univalent cations relative to tissue water. 


Attempts to attain more complete recovery of tissue electrolyte 


The recoveries of the tissue concentrations of potassium and of sodium 
summarized above fell short of the initial levels in the tissue. Elevation of 
external potassium concentration to 25 m-equiv/l. resulted in attainment 
of a potassium concentration similar to the control, but the sodium and 
chloride had then expanded into tissue fluids which did not ordinarily 
contain these ions. Adrenaline has been found to improve the retention 
of potassium in these cells (Daniel & Daniel, 1959). In addition, adenosine 
has been effective in aiding recovery of active transport in stored or starved 


TaBLE 10. Substances which were ineffective in restoring ionic composition 
when added to the recovery medium 


Substance Concentrations used 
Cocaine* 0-1 g/100 ml. 
Adenosine 10 mm 

-Glutamie acid 10 mu 
Physostigmine* 10-* 
Adrenaline* : 10 pg/ml. 
Calcium ion* 2-5 mM 
Sodium versenatet 2 m-equiv/l1. 
Aldosterone* (free alcohol) 2 wg/ml. 
Deoxycorticosterone glucoside (C,,;H,,0, )* 10> 
Conjugated oestrogens} 3-14 and 31-4 mg/100 ml. 
Progesterone in 1-76% dioxane* 10-* 


* Rabbit uterus only. 
+ Cat uterus only. 


t 1 g of water-soluble conimmaiod oestrogens is canbvates | in potency to 0-38 g of sodium 
oestrone sulphate. 


red cells (Kahn & Cohen, 1957; Tosteson & Johnson, 1957a, b) and gluta- 
mate had a similar effect on the glandular tissues of the guinea-pig seminal 
vesicle (Breuer & Whittam, 1957). Physostigmine has been considered to 
act as both a stabilizer and labilizer of resting membrane permeabilities 


(see Shanes, 1958). A wide variety of evidence suggests that, for nerves and | 


skeletal muscle, cocaine and calcium act as stabilizers of resting ion per- 
meabilities (Shanes, 1958; Shanes & Berman, 1959). All these agents were 
tested in concentrations found effective for other cells as summarized in 
Table 10. None of these agents significantly improved the reaccumulation 
of potassium or extrusion of sodium by rabbit uterine segments, and 
glutamate and adenosine likewise did not cause additional recovery in 
pieces of cat uterus. Adenosine, in fact, interfered slightly but significantly 
with potassium reaccumulation in segments of rabbit uterus. 
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Wilbrandt (1959) has proposed that steroid hormones form part of the: 
carrier system which is involved in active transport. The inhibitory action of 
cardiac glycosides on active transport has been attributed to their structural 
similarity to the steroid component of the carrier (Glynn, 1957; Wilbrandt, 
1969; Hadju & Leonard, 1959). Ouabain (Daniel & Robinson, 1960) is an 


effective inhibitor of active transport in rabbit uterine segmefits. Attempts 


to influence active transport in red blood cells by steroid hormones such as 
deoxycorticosterone or aldosterone have been reported to be unsuccessful 
in one instance (Glynn, 1957) but successful in another (Friedman & 
Friedman, 1958). The latter’ authors attributed their success to the use of 
plasma as a suspending medium. Experiments were therefore run in which 
the influence of aldosterone-free alcohol and deoxycorticosterone glucoside 
(see Table 10) on recovery of rabbit uterine segments was determined with 
both phosphate-free Krebs’s solution and plasma as the suspending 
media. All the animals had received only oestrogen in order to avoid any 


adrenal steroid-like actions of progesterone (Roberts & Szego, 1953). The 


plasma was obtained from male rabbits. The effects of conjugated oestrogen 
and of progesterone on active transport in uterine segments from oestrogen- 
treated rabbits were also examined, in view of the possibility that these 


_ steroids might be selectively involved in the carrier system in these 
tissues. Recovery in plasma was significantly less than in Krebs’s solution. 


None of these steroids improved recovery, irrespective of the medium used, 
despite the fact that progesterone pre-treatment interfered with active 
transport (Table 4). In fact, the data suggested that aldosterone and 
deoxycorticosterone interfered with active ion transport, as has been found 
in yeast (Conway & Hingerty, 1953) and in skeletal muscle (Maffhi & 
Bianchi, 1958). 


DISCUSSION 
Comparisons with active transport in other tissues 


The requirements for active extrusion of sodium and sscubeuniiiten of 
potassium in uterine tissues appear to be the simplest yet reported for 


Mammalian tissues. A simple solution containing only sodium, chloride 


and potassium was sufficient, the potassium in a concentration (5 m-equiv/lI.) 
comparable to those in extracellular fluid. An appreciable but not re- 
markable improvement in the reaccumulation of potassium and in the 
extrusion of sodium was achieved by the use of a complete recovery 
medium (Krebs-Ringer solution). Active transport in the animal’s own 
plasma was not as good as in the artificial medium. The recovery that was 
achieved occurred chiefly in the myometrium and not in the endometrium. 


Following recovery the rabbit uterine tissues were mechanically and 
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electrically as active as freshly isolated controls. In addition, the ionic 
concentrations in recovered tissues were similar to those in tissues analysed 
after simple exposure, to Krebs-Ringer solution for several hours (Daniel, 
1958). 

In skeletal muscle reduction in external sodium concentration or an 
-inerease in external potassium concentration has been found necessary 
to obtain net sodium extrusion (Desmedt, 1953; Conway, 1957). Neither 
of these alterations in the recovery medium was required for the demon- 
stration of active transport by uterine muscle. The depression of transport 
by metabolic inhibitors (Daniel & Robinson, 1960) indicates the energy 
requirement of this process. No exogenous source of substrate to supply 
energy for this process was needed during the period of observation. The 
extensive glycogen stores in these tissues may furnish the necessary source 
of energy (Daniel & Daniel, 1959). 


Mechanisms of potassium reaccumulation in uterine tissue 

Under the conditions of those experiments potassium reaccumulation 
occurred chiefly in exchange for intracellular sodium. Evidence supporting 
this conclusion was the equivalence of sodium loss and potassium gain, and 
the dependence of sodium extrusion on the presence of external potassium in 
the medium. Thus, there appeared to be a coupling of sodium extrusion 
and potassium reaccumulation in uterine muscle during recovery from 
inhibition of metabolic activity, as is also the case in skeletal muscle and 
nerve (Hodgkin & Keynes, 1955; Shanes, 1958). 

Sodium extrusion was slightly but not markedly improved by elevation 
of the level of external potassium to 25 m-equiv/l. by addition of potas- 
sium chloride. In such circumstances the resultant changes in potassium 
and chloride suggested that the additional potassium penetrated through- 
out the tissue water, but that the additional chloride did not. Part of the 
potassium which entered the cells unaccompanied by chloride may have 
been exchanged for cellular sodium. The precision of the measurements 
and the lack of an independent measure of the extracellular volume did 
not permit a final decision to be reached in this matter. 

Some potassium reaccumulation occurred in the absence of either sodium 
extrusion or uptake of chloride, when bicarbonate was added to the re- 
covery medium. Either potassium was accompanied by bicarbonate 
across the cell membrane or exchanged for cellular hydrogen ion (Fenn, 
Rogers & Ohr, 1958), or else it affected intracellular pH in such a manner 
as to cause a rise in the number of non-diffusible intracellular anions. In 
view of the evidence from other tissues (Conway, 1957) that bicarbonate 
and hydrogen ions penetrate cell membranes in limited quantities, the 
latter possibility appeared more likely. 
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|} Mention should be made of that fraction of tissue potassium (18-22 m- 
equiv/kg) that is retained even after prolonged inhibition in the cold and 
subsequent rewarming in the absence of external potassium. It may be 
retained by binding by tissue anions or by isolation in mitochondria 
(Mudge, 1953). The Donnan equilibrium set up by non-diffusible tissue 
anions should not maintain potassium inside the cell indefinitely in the 
| absence of external potassium, but sufficient time for true equilibrium may 
not have been allowed in these experiments. This residual potassium can 
be mobilized in part by metabolic inhibitors and by ouabain (Daniel & 
Robinson, 1960). 
Failure to obtain complete recovery 
|  Innone of the recovery media was potassium reaccumulation or sodium 
extrusion sufficient to restore the values to those found in the controls. 
The tissue water not included in the chloride space (non-chloride space) 
also remains decreased from the original value. In experiments in which 
segments of rabbit uteri were divided, the results suggested that. endo- 
metrial cells were responsible for the lack of complete recovery. Since 
} pecovery in plasma was in no way better than in the complete medium, this 
lack of complete recovery cannot be attributed to the differences in composi- 
tion of this medium from that of extracellular fluid or plasma. Addition of 
various agents found effective in improving active transport in other 
| tissues (adenosine, glutamate, adrenaline, physostigmine) had no bene- 
ficial effect on recovery of uterine segments. According to Shanes (1958), 
cocaine (0-1 °) reduces the resting fluxes of potassium and other ions in 
nerve and possibly in other tissues. It did not improve the recovery process 
in uterine muscle. Calcium, another agent with similar actions, was like- 
wise without effect. Thus failure to obtain complete recovery was probably 
not due to excessive passive leakage of sodium inward and potassium 
outward. 
Proposals have been made that steroid hormones may form a portion of 
the system for ion transport in a variety of tissues (Wilbrandt, 1959). In 
artificial recovery media they may be missing. However, addition of 
aldosterone, deoxycorticosterone, oestrogens, or progesterone to the com- 
plete recovery medium did not restore the ion concentrations of rabbit 
uterine tissue to normal levels. Hence, the conclusion must be drawn that 
there is some other mechanism as yet unknown, which assists towards the 
maintenance of ionic equilibrium in the endometrium in vivo. 


SUMMARY 
1. Active extrusion of sodium linked to uptake of potassium has been 
demonstrated in segments of uterus from rabbits pre-treated with ovarian 
| hormones and from pregnant cats. During metabolic inhibition by ex- 
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posure to cold these segments of tissue lost most of their potassium into a 
potassium-free Krebs-Ringer solution and gained an approximately 
equivalent amount of sodium. There also was some uptake of chloride and 
water. On return to an adequate potassium-containing medium at body 
temperature the movements of these ions were reversed, but the original 
ionic composition was not completely regained. However, on recovery, 
these tissues contracted spontaneously and produced action potentials and 
were functionally indistinguishable from fresh uterine tissue. Separate 
analyses of the myometrium suggested that most of the active transport 
during recovery was confined to this portion of the uterus. Progesterone 
pre-treatment of rabbits diminished leakage of ions at 4° C and the extent 
of the recovery achieved subsequently in vitro. | 

2. Active transport of sodium during recovery from metabolic inhibition 
was prevented by the absence of external potassium, while reaccumulation 
of potassium was relatively independent of the concentration of external 
sodium. Sodium extrusion linked to uptake of potassium was therefore 
the probable mechanism of active ion transport in these tissues. Whether 
or not a portion of the potassium accumulation in cells was the result of 
active transport could not be decided. | 

3. The absences of phosphate and calcium from the recovery medium 
did not influence the extent to which active transport occurred in rabbit 
uterine segments. The addition of bicarbonaté to a simple unbuffered 
recovery medium increased the uptake of potassium but this was not 
accompanied by additional sodium extrusion. Elevation of the concen- 
tration of external potassium from 5 to 25 m-equiv/l. by addition of 
potassium chloride elevated the concentration of potassium by about 
20 m-equiv/]. throughout the tissue water, but: there was not an equivalent 
increase in chloride concentration. 

4. Various substances were added to the recovery medium to attempt to 
restore the ionic concentrations to the levels in fresh tissue. Adrenaline, 
physostigmine, adenosine, glutamic acid, and cocaine were without a 
significant effect. The addition of aldosterone, deoxycorticosterone, con- 
jugated oestrogens and progesterone likewise had no beneficial effect. The 
use of plasma as a recovery medium with or without the addition of the 
_ mineralocorticoids had a slight inhibitory effect on active transport. 
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An extensive literature hep grown up indicating that inhibitors of oxida- 
tion (N., cyanide, azide, barbiturates) or the uncouplers of oxidations to 
energy-yielding reactions (2, 4-dinitrophenol, azide) interfere with active 
transport of ions in nerve and striated muscle (see Conway, 1957; Shanes, 
1958). Inhibitors of glycolysis, under aerobic conditions, are sometimes 
effective in inhibiting active transport, provided that. the substrate is 
glucose. However, if pyruvate or lactate is the substrate, glycolysis is by- 


passed and aerobic metabolism can provide the energy for active trans- 


port. Shanes (1958) in a recent review summarized the situation for nerve 
as follows (p. 103): ‘(a) cessation of aerobic metabolism reveals an ionic 
leak to sodium and potassium which normally is present—but obscured 
by the metabolically linked aerobic transport of potassium and sodium 
against their gradients, (b) under anaerobic conditions glycolysis can supply 
energy, but not rapidly enough in nerve even when glucose is supplied, to 
achieve adequate metabolic transport’. These statements also appear to 
apply to muscle (Conway, 1957) to kidney slices (Mudge, 1951, 1953; 
Whittam & Davies, 1954) and to yeast (Conway, Ryan & Carton, 1954; 
Conway, 1957). 

In some cells, however, anaerobiosis or inhibition of oxidation does not 


_ inhibit active transport completely while inhibitors of glycolysis do. This 


seems to be true of blood cells of certain species (Maizels, 1949, 1951; 
Tosteson & Johnson, 1957a, 6), but not of others (Maizels, 1954). Some 
plant cells also can supply energy for active transport in the presence of 
cyanide or other inhibitors of oxidation (Eppley, 1958a, 6) and others are 
inhibited by iodoacetate in the dark (Scott & Hayward, 1953). Frog skin 
can continue active ion transport, though at a reduced rate, during anaero- 
biosis (Leaf & Renshaw, 1957). 

Active transport during recovery of rabbit and cat uterine segments 
from the inhibition of metabolism by low temperature has been studied 
(Daniel & Robinson, 1960) and appears to be a coupled exchange of cellular 
sodium for extracellular potassium. This study was undertaken to deter- 
mine the dependence of active transport in uterine muscle on metabolism. 
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Inhibitors both of glycolysis (fluoride, iodoacetate) and of oxidation 
(nitrogen, cyanide, azide, pentobarbital, antimycin, malonate) have been 
tested for their effect on active transport. 

. The former were found effective but the latter were largely ineffective, 
with the exception of pentobarbital. 2,4-Dinitrophenol was effective in 
preventing potassium reaccumulation and sodium extrusion, as was the 
cardiac glycoside ouabain. Because of the possibility that apparent 
inhibition of active transport might result from an increase in the leakage 
of sodium and potassium down their electrochemical gradients, an attempt 
was made to diminish such leakage during metabolic inhibition in some 
experiments by the use of cocaine (Shanes, 1958). Interpretation of the 
results was limited by the paucity of knowledge concerning the normal 
metabolism of smooth muscle and the effects of inhibitors thereon. 


METHODS 


The experimental procedures for preparation and analyses of uterine tissues and the 
demonstration of active transport have been described in the. previous paper (Daniel & 
Robinson, 1960), together with the composition of the solutions used and the methods of 
handling the data obtained. The tissues were suspended in 5 ml. of solution in a test-tube 
for study. The aerating mixtures were bubbled into the solution at the bottom of the tube 
and escaped through a small opening (2mm diam.) in a cork at the tip of the tube. This 
arrangement was intended to guarantee that the atmosphere over the solution was not 
diluted by room air. 


When inhibitors were added as the sodium salt (NaCN, NaN;, Na pentobarbital, Na — 


malonate, NaF) approximate isomolarity was maintained by removal of an equivalent 
amount of sodium chloride. This of course resulted in a decrease of the tissue chloride con- 
centrations in these instances, but this was taken into account in calculating chloride space. 
OQuabain was added to the cold, potassium-free Krebs’s solution 3 hr before removal of the 
tissues to be studied, in order to allow time for its full effect to be achieved (Glynn, 1957). 
It was also present in the same concentration in the recovery medium. 


RESULTS 
Rabbit uterine segments 


Inhibitors of oxidation (Table 1). Replacement of the oxygen in the 
aerating gas mixture with nitrogen only slightly depresses extrusion of 
sodium and accumulation of potassium of rabbit uterine segments. Com- 
pared with similar segments exposed to a similar gas mixture in the 
absence of potassium, sodium extrusion was 31-7 m-equiv/kg in oxygen 
and 28-9 m-equiv/kg in nitrogen, an insignificant difference. Potassium 
accumulation was 23-9 m-equiv/kg in oxygen and 19-3 m-equiv/kg in 
nitrogen, a small but significant difference. The excess of sodium extrusion 
over potassium reaccumulation results from the occurrence of additional 
uptake of sodium without additional loss of potassium or gain of water 
and chloride in uterine segments during the incubation in potassium-free 
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medium (Table 3, Daniel & Robinson, 1960). In nitrogen the water which 
had accumulated during metabolic inhibition in the cold was not expelled, 
presumably because of the continued presence of organic osmotically sche 
particles. 

Cyanide. Cyanide inhibits the enzymic activity of cytochrome oxidase 
in most tissues (Keilin & Hartree, 1939; Robbie, 1949; Chance, 1956). 
Numerous attempts to inhibit active sodium—potassium exchange by 
using cyanide in rabbit uterus segments have failed. Table 1 contains the 


‘Tastx 1. Effects of inhibitors of respiration on active transport in rabbit uterine segments 


barbital 10-2 


this concentration. 


NaCN 10-°m was without effect. 
t Antimycin A 10-* m may have had a io effect on addition to the alcohol in some experiments using 


Change in 
[K+Na}, Nasp Dry 
Experimental No. of [K} [Na], [Cl], [H,O}, —Clsp solids [H,O}, 
| procedures expts. (m-equiv/kg) (m-equiv/l.) (ml./kg) (g/kg fresh weight) 
1, 95% 0,+5% CO, | 
Krebs-Ringer 37 «45-6 102-5 86:7 169-3 47 — 
solution 
K-free Krebs’s 8 21'7 134-2 78:6 175-9 348 — 23 — 66 
solution 
95% Ne+5% CO, 
Krebs-Ringer 8 37°9 106-4 86:3 164-5 84 —18 + 30 
solution 
K-free Krebs’s 8 18-6 135-5 82:1 175-7 330 —16 +46 
solution 
IL. PO,-free Krebs’s 7 40°9 102-6 87-6 163-0 46 — 24 +70 
solution* 
+NaCN 10-*m 7 38:1 100-2 78:5 158-2 114 — 23 +95 
+NaCN 8 37:1 105-1 85-4 161-2 77 — 26 +81 
+NaCN 10-*m 14 35:8 109-3 82-9 165-0 15° — 23 +73 
UL PO,-free Krebs’s 8 45-2 111-2 85:3 178-8 105 —19 — 30 
solution 
+Na azide 8 47-6 « 115-3 90-4 186-6 115 — 16 —27 
2x 10-*m 
+Na azide 8 42-7 116-9 85:2 © 181-1 158 — 24 + 50 
2x 10-°m : 
+NaCN 10-*m 8 38-6 117-6 86-8 177-9 101 —21 +28 
+C,H,OHt 8 213° 1481 100-1 192-8 277 22 
8°85 g/100 ml. 
IV, PO,-free Krebs’s 8 44-7 103-4 85-2 168-1 71 — 20 +18 
solution 
0-88g/ 8 45-0 100-2 88:1 164°8 25 — 20 + 20 
+ OH 0-88 g/ 8 40-0 107-3 87:4 166-1 82 — 26 + 87 
100 ml. + Anti- ; 
mycin A 
V. PO,-free Krebs’s 8 40-6 97-7 93-6 157°1 — 38 — 22 + 26-5 
tion 
+Na pento- 16 418 107-0 89-9 168-9 45 23 +74 
barbital 10-°m 
+ Na pento- 16 96 1348 97-9 161-9 130 ~34°. 
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results from one such experiment. At very high concentrations of cyanide 
(10-2m) there was a small but significant decrease in potassium and gain 
in sodium concentrations of the segments compared with untreated con- 
trols. The difference in potassium concentration was 5-1 m-equiv/kg and in 
sodium concentration 6-7 m-equiv/kg. The effect of cyanide in high con- 
centration was therefore of the same order of magnitude as anoxia. An 
increase in sodium space relative to chloride at 10-‘m cyanide resulted 
from an abnormally low tissue chloride concentration, which was not 
found in a number of other experiments at similar and lower cyanide 
concentrations. 

Azide. Because of the results with anoxia and cyanide, it was thought 
desirable to extend these experiments by including another inhibitor acting 
in the cytochrome system. Azide is considered to act at the same site as 
cyanide to inhibit cytochrome c oxidase, but may also act as an uncoupler 
of phosphorylations (McElroy, 1947; Lehninger, Wadkins, Cooper, Devlin 
& Gamble, 1958). Like cyanide, it was only weakly effective in inhibiting 
active ion transport in rabbit uterine segments in concentrations (2 x 10-*— 
2 x 10-*m) which were effective in inhibiting respiration and ion transport 
in other tissues (Hurlburt, 1958). As with cyanide, high concentrations 
of azide inhibited the extrusion of the water which had accumulated during 
the night in the cold. | | : 

Antimycin A. Antimycin is an antibiotic substance whose site of action 
has been shown to be on the transfer of electrons between cytochrome b 
and cytochrome ¢ in a number of tissues (Strong, 1956; Chance, 1956; 
Lehninger et al. 1958). A small quantity of ethanol (0-88 9%) was added to 
dissolve the antimycin and had no effect on active transport. Antimycin 
(10°), like anoxia, cyanide and azide, had only a small, though significant, 
depressant effect on active sodium—potassium exchange in these tissues. 

Na pentobarbital. Barbiturates act to inhibit oxygen consumption 
either by preventing reduction of flavoprotein (Chance, 1956), or of cyto- 
chrome b which accepts electrons from this compound (Quastel, 1943; 
Grieg, 1946). Pentobarbital has recently been shown to inhibit oxygen 
consumption of heart muscle by 50% at a concentration of 10-%, and 


completely at 10-?m (G. Drummond, personal communication). Its effects — 


on action potentials of striated muscle (8 x 10-*m) have been interpreted as 
indicating inhibition of active transport (Macfarlane & Meares, 1958). In 
contrast to other inhibitors of oxidation, pentobarbital (10-2m) completely 
inhibits active ion transport in rabbit uterine segments. A lower con- 


centration (10-*m) was completely ineffective. Pentobarbital, in fact, 


appeared to do more than inhibit active ion transport. In the previous 
paper (Daniel & Robinson, 1960) it was shown that a concentration 
averaging 20 m-equiv potassium/kg was usually maintained in these 
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tissues despite metabolic inhibition by cold in potassium-free solutions, 
and that this-potassium was not lost in rewarming. Pentobarbital (10-*m) 
mobilized that potassium and reduced it by half. It also caused a signi- 
ficant uptake of water and chloride. 
Ethyl alcohol inhibits oxidations in concentrations of less than 1m (Beer 
& Quastel, 1958). A concentration of 8-85 g/100 ml. (about 2m) completely 
inhibited active ion transport in rabbit uterine segments. 
M Effects of inhibitors of oxidations on chloride and water distribution. In 
_ the strips treated with higher concentrations of cyanide (10-*m) and 
pentobarbital (10-*m) and with ethanol (8-85%) the chloride space ex- 
panded relative to tissue water so that the ‘non-chloride space’ was smaller. 
In the case of cyanide this was equivalent to the expansion of the sodium 
space, so that no increase in sodium space relative to the chloride space 


Taste 2. Effect of 2,4-dinitrophenol (DNP) and sodium malonate on active transport 
in rabbit uterine segments 


_ Change in 
 [K+Na)}, Nasp Dry 
Experimental No. of [K} {Na}, [Cl], [H,0}, —Cisp solids {H,O}, 
procedures expts. (m-equiv/kg) (m-equiv/l.) (ml/kg) (g/kg fresh weight) 
I, PO,-free Krebs’s 28 46-1 105-1 186-2 172-3 78 —17 — 2 
solution 
+DNP2-5x10*m 8 40-5 109-4 89-2 171-4 85 — 16 +34 
+DNP2-5x10“m 8 31-6 113-8 89-2 164-7 113 — 20 +76 
+DNP2-5x10m 8 116-8 895 1591 108 —21 +79 
Il, PO,-free Krebs’s solution 
+malonate 4 40-7 101-1 76-5 161-2. 100 — 22 +46 
5x 10-°m 
+malonate 4 40-1 99-4 47-9 158-6 88 —22:5 +43 
5x 10-*m 


occurred. Sufficient water usually accompanied the sodium and chloride 
to maintain a constant concentration of the measured univalent cations 
_ per litre of tissue water. In other words, cyanide, pentobarbital, and alcohol 
caused sodium and chloride and water to move into cells and to occupy 
slightly larger portions of the tissue volume at isotonic concentrations, 
thereby diluting the normal cellular constituents (e.g. potassium) (see 
Mudge, 1951, 1953; Whittam, 1956; Leaf, 1956 for a discussion of the 
intricacies of such shifts). Both active ion exchange and prevention of 
‘Asotonic swelling require activity of a sodium-extrusion mechanism and 
therefore depend upon metabolism. In the cases of pentobarbital and 
alcohol there was an additional movement of sodium into cells un- 
doubtedly in exchange for potassium. 
2,4-Dinitrophenol. The mechanism of action of dinitrophenol (DNP) has 
been extensively studied in other tissues (Tables 2 and 5) and shown to 
consist of the uncoupling of phosphorylations from oxidations (Loomis & 
Lipmann, 1948, 1949). The precise site of its action in the mitochondria is 
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not yet settled (Lehninger et al. 1958). In concentrations increasing from 
2-5 x 10-5 to 2-5 x 10-* it causes partial to complete inhibition of active 
potassium reaccumulation in rabbit uterine segments. Its inhibitory effect 
on sodium extrusion, though definite, is much less. Prevention of the 
uptake of 22-8 m-equiv potassium/kg was not matched by the retention of 
sodium, which amounted to only 11-7 m-equiv/kg. Water which had 
accumulated during the night was not removed from DNP-treated cells 
and probably increased. As a consequence, tissues exposed to DNP have 
a lower concentration of these univalent cations per litre of tissue water. 


TaBLE 3. Effect of inhibitors of glycolysis and of lowered temperature on active transport 


in rabbit uterine as 
Change in 
[K+Nak Nasp Dry 
Experimental No. of [K} [Na], [Ch [H,0}, —Clsp solids (H,0}, | 
procedures expts. (m-equiv/kg) | (m-equiv/l.) (ml./kg) (g/kg fresh weight) 
I, PO,-free Krebs’s 28 46-1 105-1 86-2 172-3 78 —17 — 2 
solution 
+ iodoacetate 8 39-7 106-2 86-5 164-9 86 — 22 +41 
1-7 x 10-*m 
+iodoacetate 8 36-3 113-7 91-3 169-8 110 — 20 +17 
5-3 x 10-*m 
+ jiodoacetate 8 25:5 122-6 93-8 164-9 144 —24 + 50 
1-7 x 10-*m 
II. PO,-free Krebs’s 8 39-9 104-2 88-6 165-1 51 —19 +37 
solution 
Saline-K HCO, 8 39-9 122-2 126-8 185-3 — 29 —19 +28 
medium 
+ NaF 10-*m 8 21-6 139-1 102-6 186-6 187 — 109 
+ NaF 5 x 10-*u 8 7:8 156-8 89-6 187-4 (166 — 23 +55 
III. PO,-free Krebs’s 8 51-7 108-4 88-3 182-2 83 —17 +2 
solution 
Saline-KHCO, 8 45-4 120-9 113-8 189-5 45 — 5 =~ 
medium | 
+NaF 5x 10-*m 8 43-7 124-4 97°5 198-0 150 +10 —195 
IV. PO,-free Krebs’s solution 
37°C 8 44-7 103-4 85-2 168-1 71 — 20 +18 
24°C 8 43-9 99-4 82:3 162-7 65 —195 +48 
4°C 8 22-0 123-0 88-1 164-2 190 — 21 +70 - 


These results suggest that dinitrophenol prodaces alterations in meta- 
bolism which permit some sodium to be extruded from uterine cells 
without any compensatory uptake of potassium or loss of water. In 
other experiments the difference between the action of DNP on potassium 
reaccumulation and sodium and water extrusion were not so marked 
(Table 5). None the less, the possibility must be considered that during 
DNP inhibition sodium can be extruded to some degree accompanied by 
a cellular anion or that the potassium accumulated in exchange for sodium 
leaks out accompanied by such an anion. 

Malonate is a competitive inhibitor of succinic dehydrogenase in the 
tricarboxylic acid cycle (Quastel & Wheatley, 1931), and concentrations 
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of 10-2 to 10-'m inhibited oxygen consumption in heart slices (Miller & 


Olson, 1954).. Malonate (5 x 10-*-5 x 10-*m) diminished potassium reac- 


~ gumulation to a slight and insignificant extent and did not influence sodium 


extrusion (Table 2). This result cannot be evaluated in the absence of 
proof that malonate penetrated rabbit uterine cells. However, Covin & 
Berman (1956) have presented evidence that similar concentrations of 
malonate had effects on intact heart muscle cells which implied its pene- 
tration through the cell membrane. 


Inhibitors of glycolysis 


Mono- iodoacetate. Lodoacetate has been shown by Green, N ithe & 
Dewan (1937) to inhibit phosphoglyceraldehyde dehydrogenase and there- 


by to prevent glycolysis. Higher concentrations may inhibit other sul- 


phydryl enzymes (Dixon, 1937) but concentrations of 10~* and 10-*m had 
little or no effect on oxygen consumption of heart slices (Miller & Olson, 
1954). In concentrations ranging from 1-7 x 10-* to 10-*m it produced 
from slight to nearly complete inhibition of active sodium—potassium 


exchange in rabbit uterine segments. The reduction in potassium accu- 


mulation (20-6 m-equiv/kg) was nearly equivalent to the diminution in 
sodium extrusion (17-5 m-equiv/kg). Closer examination of the data 
reveals that there was a clear-cut and significant elevation in the chloride 
concentration with increasing concentrations of iodoacetate. This increase 
was nearly accounted for if the fluid which moved into cells under the 
influence of iodoacetate was similar in composition to the Krebs—Ringer 
solution. The increase in sodium caused by uptake of fluid in 1-7 x 10-*m 
lodoacetate (6-8 m-equiv/kg fresh weight or 6-7 m-equiv/kg final weight) 
did not account for the increase in sodium concentration. As with pento- 
barbital and with ethyl alcohol, the reduction of potassium accumulation 
apparently was caused in part by replacement of cellular fluid by isotonic 
Ringer’s solution and in part by inhibition of exchange with cellular 


sodium. 


Sodium fluoride in concentrations from 2x 10-3 to 5x 10-*m inhibits 
glycolysis and active transport in a number of red cells (Maizels, 1951; 
Tosteson & Johnson, 1957a; Eckel, 1958a, b). However, similar concen- 
trations inhibit oxygen consumption as well as ion transport in kidney 


Slices (Mudge, 1951). In studying its inhibitory action on active transport 


a medium free from divalent ions was used (saline-potassium bicarbonate, 
Daniel & Robinson, 1960). Active transport occurred in this medium, but 
was accompanied by water or by sodium. Concentrations from 5 x 10-°m 


_to 10-*M inhibit active ion transport in rabbit uterine segments. Con- 
 eentrations of 5x 10-%m mobilized additional tissue potassium, as did 


pentobarbital (see p. 448). There was no definite evidence that fluoride, 


m 
| 
CU 
1e 
> 
of 
d 
Is 
“ig 
re 
r. 
st 
> In 
(H,0), 
weight) 
+4] 
$17 
+ 50 
+37 
+28 
+ 5D 
195 
1 
+45 
+70 
j 
n 
> 
4 
iz 


452 E. E. DANIEL AND KATHLEEN ROBINSON 


unlike the other metabolic inhibitors, caused an uptake of fluid similar in 
composition to the bathing medium, since the chloride space was not con- 
sistently expanded relative to the tissue-water concentration and since 
there was no clear evidence of uptake of water. However, expansion of 
the chloride space had already occurred in saline-KHCO, medium in the 
absence of fluoride, so that interpretation is difficult. 

Effect of variations in temperature. Reduction of temperature might be 
expected to hinder recovery of ion gradients due to active transport by 
interfering with the supply of metabolic energy. However, reduction of 
temperature from 37° C to room temperature, 24° C, did not influence the 


extent of recovery of active sodium—potassium exchange in these tissues 
(Table 3). As demonstrated for yeast (Bruce & Stannard, 1958) this could 
Tase 4. Effect of ouabain on active transport on rabbit uterine segments 
Change in 
Experimental No. of [K} [Na], [Cl}, [H,0O}, —Clsp solids [H,0}, 
procedures expts. (m-equiv/kg) (m-equiv/l.) (ml./kg) (g/kg fresh weight) 
I. PO,-free Krebs’s 8 51-9 110-5 102-0 185-3 —18 —21 +12 
solution 
+ ouabain 10-’m 8 45-2 115:1 99-9 183-7 23 — 16 —15 
II. PO,-free Krebs’s 4 38-4 107-2 85-7 164-9 90 — 29 + 102 
solution | 
+ ouabain 10-*u 8 22-0 122-8 83-6 164-9 225 —23 + 22 
Ill. PO,-free Krebs’s 16 45-5 106-4 88-8 173-1 64 —19 + 6 
solution 
16 13-8 132-8 94-1 168-9 215 —19 1 


result from the fact that passive movements of sodium and potassium 
down their gradients may also be slowed at reduced temperature and com- 
pensate for any decrease in the rate of active transport. Further reduction 


of the temperature to 4° C, however, completely prevented active trans- 


port, as was to be expected. 

Ouabain and active transport. The cardiac glycosides have been shown 
to inhibit active sodium-—potassium exchanges in a variety of tissues, 
striate muscle, cardiac muscle and red blood cells (Schatzman, 1953; 
Schatzman & Witt, 1954; Kahn & Acheson, 1955; Schreiber, 1956; Glynn, 
1957; Rayner & Weatherall, 1957; Vick & Kahn, 1957). They appear to 
act directly on the ion-exchange mechanism rather than on metabolism 
(Schatzman, 1953; Glynn, 1957; Whittam, 1957). As is demonstrated 
by the data in Table 4, they also inhibit this process in rabbit uterine 
segments. Ouabain in concentration of from 10-7 to 10-*m produced slight 
to complete inhibition of the process. A concentration of 10m ouabain, 
like pentobarbital and fluoride in high concentration appeared to mobilize 


additional potassium, so that less than the usual 20 m-equiv/kg was re- - 


tained. Ouabain even in this high concentration does not cause a signi- 
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ficant uptake of water or chloride, so that its actions seem to be primarily 
by inhibition of sodium-—potassium exchange without any accompanying 
swelling of cells by uptake of the isotonic bathing medium. Glynn (1957) 
has shown that cardiac glycosides inhibit passive fluxes as well as active, 
and failure to take up sodium isotonically may be secondary to this effect 


of ouabain. 


Taste 5, Effect of cocaine on inhibition of active transport in rabbit uterine segments 


Change in 
| [K+Nak  Nasp 
Experimental No. of [K}, [Na], [Cl], [H,O}, —Clsp solids [H,O}, 
procedures expts. (m-equiv/kg) (m-equiv/l.) (ml./kg) (g/kg fresh weight) 
|. PO,-free Krebs’s 8 51-9 110-5 102-0 185-3 —18 —21 +12 
ion 
| +eocaine HC] 0-1g/ 8 54:3 115-4 105-2 195-7 —1 —13 — 43 
100ml. 
+DNP25x10*m 8 27:3 133-0 104-7 180-4 101 — 26 +97 
+cocaine HCl 16 34-9 124-3 108-3 180-1 0 — 28 +87 
0-1g/100 ml. + 
DNP 2-5 x 10-*u 
PO, free Krebs’s 8 51:7 108-4 88-3 182-2 83 —17 + 2 
solution 
| +cocaine HCl 8 46-2 108-0 91:3 175-7 56 —17 +10 
+iodoacetic acid 8 26:8 1310 98-6 173-2 165 27 +86 
1-7 x 10-*u 
+eocaine HCl 8 22-1 121-4 93-1 164-3 119 —26 +115 
0-1g/100 ml. + 
iodoacetic acid 
1-7 x 10-*u 


Effect of cocaine on inhibition of active transport. The ionic composition 
of any tissue is probably the resultant of two opposing processes: active 
‘transport against ionic gradients and passive leakage of ions down these 
gradients (Shanes, 1958). Apparent inhibition of active transport could be 
produced by substances which markedly increase the rate of passive 
leakage of these ions so that they leached out as fast as they were trans- 
ported into cells. Cocaine has been reported (Shanes, 1958; Shanes & 
Berman, 1959) to diminish the rate of passive leakage of ions at least in 
nerves. We have shown (Daniel & Robinson, 1960) that cocaine has little 
effect on the ionic composition of rabbit uterine segments in the absence 
of metabolic inhibition. As is shown by data assembled in Table 5, cocaine 
0-1 g/100 ml. in part prevented the effect of DNP on the recovery of ionic 
gradients by rabbit. uterine segments. Cocaine did not prevent the uptake 
of water and chloride which occurs in the presence of DNP. The possibility 
existed that cocaine prevented all effects of DNP except swelling. About 
16 ml. more water/kg fresh weight was taken up in tissues exposed to both 
DNP and cocaine than by the untreated control pieces. Swelling of cells 
by this volume of a fluid containing sodium at the concentration in the 
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bath medium would cause an uptake of 10-3 m-equiv/kg fresh weight of 
sodium. In terms of final weight, this value becomes 9-7 m-equiv/kg. 
Therefore swelling would account for most of the increase in tissue sodium 
(13-8 m-equiv/kg) over the amount in the untreated controls. The increase 
in weight, compared with controls, of 68 g/kg fresh weight would reduce 
the potassium concentration by 3-3 m-equiv/kg, and failure to exchange 
for the sodium in excess of that from swelling (13-8-9-7 m-equiv/kg) would 
reduce potassium concentration by 4-1 m-equiv/kg, leaving 9-6 m-equiv/kg 
of the reduction in potassium concentration unaccounted for by either 
mechanism. Qualitatively similar conclusions are reached if comparison 
is made with the cocaine-treated control except that all the sodium uptake 
could be explained by swelling. In the absence of cocaine the reduction 
by DNP of potassium concentration of 24-6 m-equiv/kg was accounted for 
in part by swelling (3:8 m-equiv/kg) and by failure to exchange for sodium 
(11-7 m-equiv/kg), and 9-1 m-equiv/kg was unaccountable. Thus cocaine 
appeared partially to restore the active exchange of external potassium 
for internal sodium inhibited by DNP without influencing other actions 
of DNP (swelling and loss of potassium by other mechanisms). Apparent 
restoration of active sodium—potassium exchange would result from 
decreased passive leakage of potassium since this leakage would be accom- 
panied by uptake of sodium. Again these findings raise the possibility, as 
_ discussed above, that DNP alters the cells of rabbit uterine segments so 
that the linkage between sodium extrusion and potassium accumulation 
is disrupted. 

Iodoacetate. With iodoacetate a somewhat different effect was produced 
on addition of cocaine to the bath medium. The inhibition of potassium 
reaccumulation produced by iodoacetate was not reversed by cocaine, but 
the inhibition of sodium extrusion and uptake of chloride was partially 
prevented. Cocaine did not«decrease the uptake of water induced by 
iodoacetate. Consequently, the sum of the measured univalent cations 
per litre tissue water was diminished. This result is difficult to interpret, 
but the suggestion can be made that under the influence of cocaine and 
iodoacetate some intermediary metabolites accumulate in the cells and 
prevent the entrance of sodium and chloride as ion pairs. 


Cat uterine segments 
The effects of most of the same inhibitors on active transport in strips of 
uterus from pregnant cats have been surveyed and the results summarized 
in Table 6. The results obtained are qualitatively similar to those obtained 
with segments of rabbit uterus. Pentobarbital, DNP, iodoacetate, fluoride 
and ouabain are effective in preventing sodium extrusion and potassium 
reaccumulation. Inhibition of potassium reaccumulation by DNP was 
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more marked than inhibition of sodium extrusion, in conformity with the 
results obtained with segments of rabbit uterus. Azide and malonate were 

4nefiective. When cyanide was used as the inhibitor, the results were 
yariable. In experiments II and III (Table 6) there was evidence that 
10-10-* cyanide inhibited potassium reaccumulation but extrusion of 
sodium was not significantly decreased. In experiment IV cyanide in these 
same concentrations was ineffective. At present no explanation can be 
advanced for this discrepancy. 


 Tapue 6. Effect of metabolic inhibitors and ouabain on active transport in strips 


of pregnant cat uterus 
i Change in 
[K + Na}, Nasp — Dry : 
Experimental No. of [K)}, [Na}, [Cl}, [H,O}, -Cisp solids [H,O}, 
procedures expts. (m-equiv/kg) (m-equiv/kg) (ml./kg) g/kg fresh weight) 
PO,-free Krebs’s 4 34:1 98-1 95-0 . 154-7 — 46 —17°5 +27 
tion 
+DNP2-5x10-m 8 24-8 100-0 92-1 146-6 —8 — 19-5 — 44-5 
+iodoacetic acid 8 23-9 104:5 90-7 151-4 —2 —13 —45 
10m 
+Na malonate 8 34:0 94-5 55-2 150-0 — 82 — 20 —21 
5x 10-*u 

PO, free Krebs’s 4 28-0 107-1 99-7 156-4 —18 — 40 +181 
+ouabain 10-* u 8 5-2 125-2 105-4 149-7 68 — 50 +195 
+NaCN 8 23-7 111-9 100-9 157-6 2 — 39 +120 
8-3 x 10-°*m 

PO,-free Krebs’s 4 30-1 109-8 103-7 163-3 —3l — 35 +200 

tion 
+NaCN 4 108-6 106-3 148-7 — 66 + 215-5 
+NaCN 10-*m 4 15°6 113-6 97-4 150-6 — 20 — 36 +198 
+Na pento 4 7-6 124-5 98-9 153-3 46 — 39 +243 
barbital 10-* 
‘4 Saline-KHCO, 4 21-3 130-1 138-5 174-1 — 53 —47:5 +293-5 
+NaF 5 x 10-1 4 14-6 134-1 132-4 173-8 —18 —27 +133 
PO,-free Krebs’s 4 110-3 98-9 154-3 12 — 53 + 130-5 
tion 
+NaCn 10-*u 8 25-4 110-6 97-2 156-6 21 —47 + 204 
+NaCn 10-*u 8 24-6 105-1 89-3 160-4 —12 —41°5 + 56 
+Na azide 2 x 10-*m 8 23-1 106-2 95-9 149-7 —3 + 37-3 


— 43°5. 


Another difference from the results for rabbit uterus was the failure of 
any of the metabolic inhibitors to cause accumulation of additional water. 
Moreover, none cause a significant uptake of chloride or expansion of the 
chloride space relative to the tissue water. Therefore there was no indication 
of any uptake of isotonic bath fluid as a result of metabolic inhibition. This 
may have resulted from the fact that large quantities of this fluid and con- 
siderable swelling were present even in the control tissues, and further 
swelling may have been impossible owing to mechanical pressures exerted 
by the tissues, 
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DISCUSSION 


The inhibitors used in this study were selected with the purpose in mind 
of surveying the effects on active transport of inhibition at various points 
in the metabolic pathways from glucose to carbon dioxide and water. The 
transfer of conclusions as to the sites of action in other systems to uterine 
tissues can be hazardous in the absence of direct evidence. 

There was, however, a certain amount of consistency in the results. 
Inhibitors of glycolysis (iodoacetate and fluoride) were both effective 


inhibitors of active ion transport in both rabbit and cat uterus under > 


aerobic conditions. Inhibition at or near the end of the chain of electron 
transfer through the cytochrome system was ineffective (N,, cyanide, 
azide, antimycin A). Malonate acting in the Krebs’s cycle was ineffective 
but it may not have penetrated the cell membrane, and in any case acts at 
the substrate level of oxidation. Obvious inconsistencies arise in relation 
to the actions of dinitrophenol, ethyl alcohol and pentobarbital. Pento- 
barbital probably inhibits the same site as amytal (Chance, 1956), which is 
probably before entrance of electrons into the cytochrome system. The site 
of action of alcohol in oxidative metabolism is not known, but it is in- 
effective in mitochondrial preparations in concentrations effective in slices 
(Beer & Quastel, 1958). DNP is thought to act in mitochondria on reactions 
linking phosphorylation to electron transfer (Lehninger et al. 1958). How- 
ever, at least a part of the action of DNP appeared to be due to increased 
potassium leakage and there was evidence that it inhibited potassium 
accumulation and uptake of isotonic fluid to a greater extent than it 
inhibited sodium extrusion. The action of pentobarbital on phosphoryla- 
tions is not striking and the effect of cocaine on its inhibitory action 
was not studied. 

In many other respects, these results are parallel to those obtained with 
similar inhibitors during recovery in cold-stored human erythrocytes 


(Maizels, 1951). In these cells, however, dinitrophenol was ineffective and 


barbiturates were not tested. In human red cells, which are without a 
nucleus, oxygen consumption is sluggish and aerobic glycolysis occurs. 
Significant lactate accumulation has recently been demonstrated to occur 
in rat uterus metabolizing glucose in oxygen (Gautheron & Matray, 1958). 
Lactate accumulation was greatest in Krebs-bicarbonate medium and the 
respiratory quotient was slightly less than 1/0. Glucose increased both 
lactate accumulation and oxygen consumption. Thus uterine metabolism 
appears to resemble that of red cells in lacking efficient oxidative pathways 
and active transport may require energy from glycolysis. Studies of the 
effect of these inhibitors on oxygen consumption and lactate accumulation 
in rabbit and cat uterus will be required to determine the accuracy of this 
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hypothesis. Mention should be made of the possibility that lactate ion may 
sontribute to the ionic balance of smooth muscle and to its electrical 
properties as a consequence. 

If uterine muscle does depend on glycolytic energy for active transport, 
themechanism of the inhibitory actions of dinitrophenol and pentobarbital 
on active transport will require elucidation. DNP, in concentrations 
similar to those which inhibit active transport in uterus, first stimulated and 
then inhibited the electrical and mechanical activity of the guinea-pig’s 
taenia coli (Born & Biilbring, 1955; Bilbring & Liillman, 1957). Resting 

‘potentials were diminished during the excitatory phase of the action of 
DNP and then were restored during inhibition (Burnstock, 1958). During 
the phase of inhibition the duration of spike activity produced by acetyl- 

choline was diminished and this was interpreted as being due to inter- 
| ference with active transport. This interpretation was supported by the 
previous report of Born & Biilbring (1955) that adenosine triphosphate 
levels were not diminished in taenia coli during the excitatory phase of the 
“ation of DNP but were depressed about 50 % during its inhibitory phase. 

- However, azide altered mechanical and electrical properties of taenia coli 
in 4 manner similar to that of DNP, but did not affect active transport 
in the uterus. In view of this fact and of the occurrence of numerous 
differences in the electrical activity of uterine and intestinal smooth muscles 

(Daniel & Singh, 1958; Singh & Daniel, 1960; Daniel, Honour & Bogoch, 
1960; Daniel, 1960) these results may not be transferable to uterine muscle. 


SUMMARY 


1, Segments of tissue of cat and rabbit uterine muscle were depleted of 
- potassium and enriched with sodium during exposure to cold (4° C) in a 
potassium-free Krebs—Ringer solution. During recovery from potassium 
depletion various metabolic inhibitors were employed to study their 
effects on active extrusion of sodium and reaccumulation of potassium. 

2. Anaerobiosis and most inhibitors of oxidations (cyanide, azide, 
antimycin and malonate) had relatively little effect on active ion transport. 
lodoacetate and fluoride, inhibitors of glycolysis, inhibited active trans- 
port. However, 2,4-dinitriphenol, pentobarbital and ethanol as well as 
ouabain, an inhibitor of the ion-carrier system in the membrane in other 
cells, were also effective inhibitors of active transport. Similar results were 
obtained with segments of peepee’ rabbit uterus or those from 
pregnant cat uterus. 

8. Cocaine had no effect on ionic concentration or active transport in 
Wninhibited uterine muscle. It did not prevent the inhibitory action of 
lodoacetate on potassium reaccumulation but significantly restored the 
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_ depressed potassium reaccumulation after DNP, suggesting that DNP may 
have altered the resting permeability to potassium. Calculations were 
carried out which suggest that DNP also uncoupled sodium extrusion from 
potassium uptake. 

4, These results are discussed and the suggestion made that active 
transport in uterine muscle depends in a large part on energy from aerobic 


glycolyses. 
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It has been shown that extracts prepared from leucocytes (Kovacs, 
1950; Kovacs & Juhasz, 1951, 1952) and from oak gall (Kovacs & Szabadi, 
1950) injected into a guinea-pig, protect the animal against a lethal hist- 
amine aerosol. The present experiments confirm these results. In addition, 
it was found that the injection of extracts of the buffy-coat layer of horse 
blood reduced the sensitivity of the guinea-pig ileum to histamine. 
Further, in a guinea-pig protected by oak-gall extract, the histamine 
aerosol produced characteristic behavioural changes which are attributed 
to a central action of histamine. The protective action of oak-gall extract 
against the histamine aerosol was recorded in unanaesthetized and in 
anaesthetized animals. Some of these results have been reported to the 
Physiological Society (Feldberg & Kovacs, 1959). 


METHODS 

Testing the sensitivity of the guinea-pig ileum to histamine 

In order to test the sensitivity of the guinea-pig ileum to histamine the following standard 
procedure was adopted. Guinea-pigs weighing 200-300 g were killed by a blow on the 
head; immediately afterwards a piece of ileum near the caecum was removed and a piece 
7-8 cm long was suspended in a 15 ml. bath containing magnesium-free Tyrode solution 
at 34° C, through which a mixture of 95% O,+5% CO, was bubbled. The contractions of 
the preparation were recorded on a smoked drum by a frontal-writing lever, using the same 
lever and the same magnification, which was 1:2, throughout. Immediately the preparation 
was set up, 0-08 ug histamine (base) was added to the bath for 20 sec, and the size of the con- 
traction was recorded. The administration of 0-08 yg histamine was repeated at least ten 
times at 2 min intervals so that the ileum developed to the full the response of which it is 
capable at this dose. If the tenth administration caused no or = only a small contraction, larger 
doses of histamine were given. 


Testing for bronchoconstriction produced by a histamine aerosol | 

Two methods were used to study in guinea-pigs weighing 200-300 g the protective effect 
of oak-gall extracts on the bronchospasm elicited by a histamine aerosol. 
In the one method an unanaesthetized guinea-pig was put into a chamber through which a 
histamine aerosol was passed and the behaviour of the animal was observed through the 
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glass walls. The chamber was 15 cm wide, 37 em long and 27 em high. A 0-6 or 1% histamine 
diphosphate solution was passed through the chamber as an aerosol with a Collison inhaler 
at a pressure of 1/4 atmosphere from a compressed air cylinder. 

In the other method a guinea-pig was anaesthetized by subcutaneous injection of a 25% 
solution of urethane, 6 ml./kg. One to two hours later, when the animal was deeply 
anaesthetized, it was tied on its back in a specially constructed chamber and the respiratory 
movements of the chest and abdomen were recorded on a smoked drum, as illustrated in 
the diagram Fig. 1. The movements of the chest and abdomen are transmitted to a lever 
via a hinged flap made of Perspex. An upward movement of the flap due to an inspiration 
causes a downward stroke of the lever. A little spring is attached to the free end of the 
flap so as to reduce the large sudden excursions which —. result, curing ‘saheomundl 
constriction, from the intense inspiratory efforts with their wide-spread 
A Perspex box (22 cm wide, 35 cm long and 10 cm high) was placed over the anaesthetized 


Fig.1. Diagram of the chamber used to study the effect of a histamine aerosol on 
the respiratory movements in anaesthetized guinea-pigs. (a) Inlet tube for the 
aerosol. (b) Escape tube. (c) Narrow slit for the thread connecting the Perspex 
flap with the lever. 


animal and a 1 % histamine diphosphate aerosol was passed at a pressure of 1/4 atmosphere 
from @ Collison inhaler through the opening (a) and allowed to escape through the opening 
(6) and the narrow slit (c). 


Preparation of extracts from the buffy coat of horse blood 

Crude extracts. Horses which had been immunized, whose plasma was to be used for other 
purposes, were bled directly from the jugular vein into Winchester bottles containing 10% 
potassium oxalate (16-5 ml./l. blood). The blood corpuscles were allowed to settle and the 
plasma was removed. 

The corpuscle sediment was kept in the cold for 24 hr-2 <rccks before the white layer on 
top was sucked off and used for preparing the extract. From a batch of 150-200 1. blood 
about 0-5-1-5 1. of whitish red mush was obtained. The mush was centrifuged and the white 

_layer was sucked off. This procedure was repeated and 300-500 ml. of mush consisting mainly 
of white cells was obtained. 

The mush was frozen during the night at — 5° C and allowed to thaw the following morning 

and then ground for 20-25 min in a mortar with quartz sand acidified with sufficient N-HC1 
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to give a pH of between 5 and 5-5. By allowing the mixture to stand for a few minutes the 
mush could be decanted from the sand into a large flask. The sand was repeatedly washed 
with distilled water and the washings were added to the flask, the final volume being 3-4 1. 
This mixture was neutralized with n-NaOH to a pH of between 6-9 and 7, and allowed to 
stand for 10-15 min, during which time a sediment formed which, when centrifuged off, 
was the crude extract used for injection into guinea-pigs. One millilitre of crude extract 
corresponded roughly to 2 ml. of the frozen mush or to nearly 1 1. of horse blood. 
Ether-chloroform extract. The crude extract was acidified immediately after centrifugation 
with N-HCl to a pH of 2 and frozen at — 5° C. In this condition it could be kept for several 
weeks apparently without deterioration. For the ether—chloroform extraction the crude 
extract was thawed, then neutralized with N-NaOH to a pH of 6-8—7-2, and extracted twice 
with 2-3 times the volume of ether and then twice with 2—3 times the volume of chloroform. 


The ether and chloroform solutions were pooled and concentrated to dryness on a water-bath 


between 30 and 40° C. The dry material was kept under nitrogen at —70° C in a small box 
of CO, snow. The yield of dry material from a bath of 150-250 ml. crude extract was 0-5— 
15g. Before being used for injection the dry material was dissolved in a small quantity of 
ether, then isopropylmyristate 2 ml. was added to the solution and the ether removed in 
vacuo; the active material remained dissolved in the isopropylmyristate. 

Aluminium oxide column chromatography. The ether—chloroform extract was purified by 
dissolving the dry material in petrol ether and chromatographing it on an aluminium oxide 
column. The petrol ether had a boiling point of 30-40° C. About 10-12 ml. was used for 
each gram of dry material and the column was made up of 45-55 g of aluminium oxide 
suspended in the petrol ether. The height of the column was 12-13 cm and its diameter 
was 2°5cm. The procedure of elution which was carried out under nitrogen was as follows: 


100 ml. petrol ether (30—40° C). 
100 ml. petrol ether (40—60° C). 
50 ml, petrol ether (40—60° C) + 50 ml. petrol ether (60-80° ).  -« 
100 ml. petrol ether (60—80° C). 
95 ml. petrol ether (60—80° C) +5 ml. chloroform. 
90 ml. petrol ether (60—80° C) +10 ml. chloroform. 
80 ml. petrol ether (60—80° C) + 20 ml. chloroform. 
70 ml. petrol ether (60-80 °C) + 30 ml. chloroform. 
60 ml. petrol ether (60—80° C) + 40 ml. chloroform. 
10. 50 ml. chloroform + 50 ml. ether. 
11, 250 ml. ether. 


Each of the eleven fractions was dried separately in vacuo, taken up with 5 ml. ether and 
divided into two portions of 2 and 3 ml. which were then dried in vacuo and kept frozen 
under nitrogen at —70° C until tested. The 2 ml. portion was used to find out if it had 
@ protective effect against a lethal histamine aerosol in an unanaesthetized guinea-pig; and 
if so the other 3 ml. was tested for its effect on the sensitivity of the ileum to histamine. 
Immediately before the injections the portions were dissolved in 0-5-2 ml. isopropylmyri- 
state and injected in this form. Control injections of similar amounts of isopropylmyristate 
were ineffective. 


Preparation of alcoholic extract from oak gall 

Hungarian oak galls, the tumours produced by the larvae of Cynips quercus calicis, were 
used. The galls had been stored at — 5° Cfor 2 years. For each experiment 4-6 galls, weighing 
18-23 g, were ground in a special plant mill; the powder was extracted with 200 ml, ethanol 
at 65° C for 5 min, cooled, filtered and re-extracted in the same way with 100 ml. ethanol. 
The combined filtrate, a brownish alcoholic solution which contains the active principle, 
amounted to between 210 and 240 ml. Two samples, each of 4-6 ml., were immediately 
evaporated to dryness in vacuo. One sample served to determine the dry weight, which was 
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between 10 and 15 mg/ml. filtrate, so that the alcohol filtrate from 20g of the original 
powder contained between 2 and 3g dry material. The other sample was taken up in 
3-5 ml. saline solution, of which usually half was used for injection into a guinea-pig. The 
amount of dry weight injected was thus between 20 and 45 mg, usually between 30 and 35 mg. 


RESULTS 
Effect of injections into guinea-pigs of extracts of the buffy coat of horse 
blood on the histamine sensitivity of the ileum preparation 

_ In preliminary experiments it was found that extracts of the buffy coat 

of horse blood added to the guinea-pig ileum preparation suspended in 
magnesium-free Tyrode solution had a weak and irregular depressant 
effect on histamine contractions. On the other hand, the histamine sensi- 
tivity of ileum preparations obtained from guinea-pigs injected with these 
extracts was lower than that of preparations obtained from untreated 
control guinea-pigs. 
_ In untreated control guinea-pigs, the sensitivity of the ileum prepara- 
tion to histamine tested under the standard conditions described showed 
surprisingly small individual variations. The range of variation is illustrated 
in Fig. 2, which shows the development of the histamine responses in a 
sensitive, an insensitive and an intermediate preparation obtained from 
different guinea-pigs. 

Experiment A illustrates the development of the responses in a sensitive 
preparation. The first administration of 0-08 yg histamine produced a 
strong contraction, and with each subsequent administration the contrac- 
tions increased until a maximum was reached after the twelfth administra- 
tion. At this stage half the dose of histamine (0-04 ug) was sufficient to 
produce a strong contraction. | 

_ On the other hand, in experiment C, the first two doses of 0-08 yg hist- 
amine were ineffective, but even in this insensitive preparation a relatively 
strong contraction developed after ten administrations of 0-08ug histamine, 
and maximal sensitivity was reached after about twenty administrations; 
and at this stage 0-04 wg histamine also produced a contraction. This 
preparation illustrates the development of histamine responses as it occurs 
in insensitive preparations encountered in control guinea-pigs. The de- 
velopment of the responses in a preparation of intermediate sensitivity is 
illustrated in experiment B. 

Crude extract. When guinea-pigs were killed a few hours after an intra- 
peritoneal injection of 5-7 ml. of crude extract, and the abdomen was 
opened, it could be seen that the extract was not fully absorbed. The 
appearance of the intestine varied ; sometimes it had a normal appearance, 
sometimes it had a greyish colour and was fully relaxed, but the appearance 
bore no relation to the sensitivity of the ileum preparation to histamine. 
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When an intraperitoneal inj ection of the crude extract had been effective 
in protecting the unanaesthetized guinea-pig against a lethal histamine 
aerosol, it had also resulted in a reduced sensitivity of the ileum preparation 


- to histamine. This result was obtained with extracts prepared from ten 
patches of buffy-coat layer. With five the reduction in sensitivity of the 


ileum preparation to histamine was 1000 times or more, with the other five 
it was oetween 2 and 20 times. There was also a reduction in sensitivity 
to acetylcholine but to a lesser degree. Ileum preparations of untreated 


guinea-pigs responded usually to 0-04 ug acetylcholine with a contraction 


Fig. 2. Development of histamine responses in three ileum preparations from 
different untreated guinea-pigs. Preparations suspended in 15 ml. magnesium- 
free Tyrode solution. All contractions except the last ones were in response to 
0-08 yg, the last ones to 0-04 yg, histamine. A, asensitive preparation; B, a pre- 
paration of average sensitivity; and C, a relatively insensitive preparation, which 
did not respond to the first two administrations of 0-08 yg histamine, which are 
indicated by the white dots. Between each of the two gaps after the first and 
second blocks at C two contractions have been omitted. 
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equal to that produced by 0-08 yg histamine, the ratio acetylcholine: 
histamine being about 1:2. In preparations of treated animals, in which 
the sensitivity to histamine became greatly, and that to acetylcholine 
slightly reduced, the ratio could become 1:100 or even 1: 1000. 

The result with a particularly effective extract is illustrated in Fig. 3A. 
The guinea-pig had been injected intraperitoneally with 7 ml. extract and 
was killed 7 hr later. The ileum preparation from this guinea-pig did not 


H ACh ACh H- 
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Fig. 3. Development of histamine (H), acetylcholine (ACh) and 5-hydroxytrypt- 
amine (HT) responses in ileum preparation, suspended in 15 ml. magnesium-free 
tyrode solution, from guinea-pigs killed 7 hr after (A) an intraperitoneal and 
(B) a subcutaneous injection of 7 ml. crude extract from buffy coat of horse 
blood: numbers indicate doses. For details see text. , 


respond to 0-08 yg histamine. In Fig. 3.4 only the last two of ten admini- 
strations of 0-08 yg are shown. When the dose of histamine was increased 
to 50 yg still no contraction ensued. This experiment illustrates also that 
the sensitivity of the ileum preparation to acetylcholine was reduced. 
It responded to 0:2 ug acetylcholine with a small, and to 2 wg with a 
strong, contraction, at a time when it was nearly insensitive to 50 png 
histamine. The sensitivity to 5-hydroxytryptamine (5-HT) was reduced 
as well, but the preparation responded to 0-5 yg 5-HT. Since preparations 
from untreated guinea-pigs are less sensitive to 5-HT than to histamine, 
the reduction in 5-HT sensitivity was less than that of acetylcholine. 
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When the same extract had been injected subcutaneously the reduction 
in sensitivity of the ileum preparation was less pronounced than after 
intraperitoneal injection, as is shown in Fig. 3B. This ileum preparation 
again was insensitive to 0:08 yg histamine. The record begins with the 
jast two of ten administrations. At this time the preparation was also 
insensitive to 0-2 and 0-5 yg histamine, but later it responded to 0-2 with 
a slight, and to 0-8 yg histamine with a relatively strong response. The 
sensitivity to acetylcholine was little if at all reduced, since the preparation 
responded to 0-03 yg acetylcholine with a contraction equal to that pro- 
duced by 0:8 yg histamine. 


HOH H HHUOH HH H H 
008 0-08 0-08 008 ~ 00800802 05 10 
004 
Fig. 4. Development of histamine (H), acetylcholine (ACh) and 5-hydroxy- 
tryptamine (HT) responses in ileum preparations, suspended in 15 ml. magnesium- 
free tyrode solution, from guinea-pigs killed 6 hr after a subcutaneous injection 
(A) of 2-5 ml. and (B) of 5 ml. crude extract from buffy coat of horse blood: 
numbers indicate doses. For details see text. 


The degree of reduction in sensitivity depends on the amount of 
crude extract injected intraperitoneally or subcutaneously. This is shown 
for subcutaneous injections in Fig. 4. The extract was from a different 
batch of horse blood from that used in experiment of Fig. 3. The preparation 
from a guinea-pig injected with 2-5 ml. extract was only a little less sensi- 
tive to histamine than an insensitive preparation from a control guinea- 
pig, since with repeated administration of 0-08 yg histamine contractions 
were obtained (Fig. 4.4). On the other hand, a strong reduction in sensi- 
tivity was obtained in the preparation from a guinea-pig injected with 
double the amount of extract (Fig. 4B). The sensitivity to acetylcholine 
was apparently unchanged. When full sensitivity had developed, 0-04 yg 
acetylcholine gave a contraction stronger than that of 3, and weaker than 
that of 5 wg histamine, so that the ratio acetylcholine:histamine was 
about 1:100. There was apparently no decrease in sensitivity to 5-HT, 
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since the preparation responded to 0-8 yg 5-HT with a strong, and to 
0-08 pg with a weak, contraction. 

Ether-chloroform extract. Not all ether-chloroform extracts prepared 
from active crude extract were effective, on intraperitoneal injection, in 
giving protection against a lethal histamine aerosol or in reducing the 
sensitivity of the ileum preparation to histamine. Further, when an 
active ether—chloroform extract was kept, even at — 70° C, for a few days, 
it usually became less active. This instability of the active principle in the 


extract may well explain why some extracts were inactive from the 


beginning. | 

Some ileum preparations from guinea-pigs to which about 60 mg of 
ether—chloroform extract had been injected 20 hr before the animals were 
killed contracted only to 20 or 50 yg histamine. The sensitivity to acetyl- 


choline was also reduced, but to a lesser extent. A dose of 0-2 ug acetyl-. 
choline was always effective and in one experiment the strong reduction 


_ Fig. 5. Development of histamine responses in an ileum preparation, suspended 
in 15 ml. magnesium-free tyrode solution, from a guinea-pig killed 20 hr after an 
intraperitoneal injection of 1 mg dry weight of fraction 8 obtained on elution of an 
ether—-chloroform extract from buffy coat of horse blood after chromatography 
on an aluminium oxide column: numbers indicate doses. For details see text. 


in sensitivity to histamine occurred without an apparent change in sensi- 
tivity to acetylcholine. A dose of 20 yg histamine produced a contraction 
equal to that of 0-02 wg acetylcholine, so that the acetylcholine : histamine 
ratio was 1:1000. 

Aluminium oxide column chromatography. Of the 11 fractions obtained 
nos, 2, 3, 4, 5, 6 and 11 did not show a protective effect against a lethal 
histamine aerosol when injected intraperitoneally into a guinea-pig, but 
with one or more of the fractions 1, 8, 9 and 10 protection was obtained in 
six experiments. Yet in only two of these did extract (1 mg) produce also 
a definite reduction in sensitivity of the ileum preparation. One of these 
experiments is illustrated in Fig. 5. The ileum responded to 5 ug with a 
just perceptible contraction, and the responses to 10 and 50 yg were 
weaker than those obtained with 0-08 ug in control preparations. 

Since a definite reduction in sensitivity was obtained in two experiments 
only, the failure to obtain this effect in the other four experiments was 
thought to have been due to the fact that the amount of extract injected 
with each fraction was too small. Therefore, in one experiment three 


st 


a, 
| 


of storage was a fortnight for the fraction of the first, and a week for that 


F dispersion of a 0-6-1 % histamine aerosol into the chamber which houses 


_ were examined. On intraperitoneal.injection a strong protection, i.e. a 


observed in the unprotected animal, usually occurs and continues for some 
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effective fractions from three different batches of horse-blood buffy coat 
were pooled. The effective fractions from the first and second batches were 
stored at — 70° C until the third effective fraction was obtained. The time 


of the second batch. The dry weight of the three fractions was 2-5 mg. 
When this was injected intraperitoneally, the ileum preparation of the 
guinea-pig killed 24 hr later did not respond to 100 ug histamine. 


Effect of a histamine aerosol on guinea-pigs injected with oak-gall extracts 
Unanaesthetized guinea-pigs. The observations were confirmed which 
had been made by Kovacs & Szabadi (1950) on the protective action of an 
intraperitoneal injection of an alcoholic extract obtained from oak gall 
against the lethal effect of a histamine aerosol in unanaesthetized guinea- 
pigs. The typical effect of a lethal histamine aerosol on an untreated — 
normal guinea-pig is as follows. A few seconds after the beginning of the 


the guinea-pig, its respiration accelerates. A little later the respiration 
becomes laboured with apparently unsuccessful inspiratory efforts and there 
is intense gasping. The animal quickly becomes cyanotic and has a 
frightened aspect. Next it becomes unsteady, swaying from side to side, 
and rears up suddenly when making an effort to get air into its lungs. It 
then falls on its side or back, and within a few seconds lethal general 
convulsions develop which last a few seconds. After cessation of the con- 
vulsions there is often urination and sometimes superficial movements of 
the thorax and abdomen occur and continue for a short time before the 
animal dies. An untreated guinea-pig usually does not survive the aerosol 
for more than a few minutes. 

A guinea-pig protected aginst a lethal histamine aerosol by an intra- 
peritoneal injection of an alcoholic extract of oak gall (dry weight 20- 
45mg) survives the aerosol for over 20 min and sometimes for over 60 min, 
and when it dies death is not from bronchospasm but apparently from 
a central action of histamine. The effects of 43 freshly prepared extracts 


survival time of at least 20 min during exposure to the histamine aerosol, 
was obtained with 26 extracts ; a less pronounced protection with a survival 
time of about 10 min was obtained with 10 extracts, and with 7 extracts 
there were no definite signs of protection, i.e. no prolongation of survival 
time. | 

During the survival time the protected animal shows characteristic 
changes in behaviour. The typical effect of a 0-6-1 °% histamine aerosol in 
@ fully protected animal is as follows. Acceleration of respiration, as 
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time, but there are no signs of unsuccessful inspiratory efforts. At the 
time when an unprotected animal would be entering the stage of lethal 
convulsions, the protected animal shows no signs of any further histamine 
effects. Later, after about 3—5 min, the respiration becomes slower and 
deeper, and is interrupted from time to time by a deep inspiration, without 
apparent bronchoconstriction, followed by a period of apnoea. Without 
rearing or convulsion the animal may fall on its side or take up a crouching 
position with its head flexed. The deep inspirations followed by short 
periods of apnoea become more frequent and dominate the pattern of 
respiration. When at this stage the animal is taken out of the chamber it 
can be put on its back and makes little or no effort to right itself. And 
when placed on its belly, the hind legs are not drawn under the body but 
remain sticking out in a half-flexed position resembling that usually taken 
up by frogs. This is the result of definite weakness of the legs, particularly 
the hind legs, which can be flexed and extended without much resistance. 
_ The tendon reflexes are present and when the hind paw is pinched the 
animal withdraws its leg and tries to move away, but the reaction is 
delayed and more sluggish than in a normal animal. The appearance is 
that of an animal slightly anaesthetized. When the animals are kept in the 
aerosol they do not die from bronchospasm, but the respiration becomes 
slower and deeper, and finally ceases after a few superficial ineffective 
respiratory movements. 

The same difference between the unprotected and the protected un- 
anaesthetized animal was observed when a lethal dose (histamine base 
0-4 mg/kg) was injected into the vein on the back of the thigh. The un- 
protected animal died within a few minutes, whereas the protected animal 
showed the characteristic central effects of histamine, a condition of 
weakness or partial paralysis of the hind legs, light anaesthesia and slow 
respiration. The protected animal tolerated 1 mg/kg of histamine or more. 
Anaesthetized guinea-pigs. The differences in the respiratory response to 
a histamine aerosol is also observed in guinea-pigs anaesthetized with 
urethane. Figure 6 shows the typical lethal effect of a 1% histamine 
aerosol on respiration in three anaesthetized untreated guinea-pigs. The 
two animals from which the upper records were taken died within 3 min 
from intense bronchospasm, the last gasp being shown in both records. 
The sequence of respiratory changes was usually as follows. Within 20- 
30 sec of the beginning of exposure to the histamine aerosol the animal 
would take a deep breath and then there would be a short period of superficial 
polypnoea indicated in the records by a gradual upward movement of the 
lever, without showing the individual respiratory movements. The respira- 
tory movements then became deeper and there followed a period of laboured 
respiration with inspiratory dyspnoea. Each forced inspiration gave a 
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downward stroke on the record; some of the inspiratory efforts were so 
intense that they involved almost the whole body musculature. In the 
records they produced the very large downward strokes. Very quickly the 
forced respiratory movements became less frequent, periods of apnoea 
occurred which lengthened; from time to time they were interrupted by 
intense inspiratory efforts involving the whole body musculature. Some- 
times, after respiration had stopped for 30 sec or more, a few ineffective 
respiratory movements reappeared; this happened also after the aerosol 


Fig. 6. Records of respiration in three guinea-pigs anaesthetized with urethane ; 
lethal effect of a 1 % histamine aerosol. Beginning of exposure to aerosol indicated 
by arrow (+). In guinea-pig B, the aerosol was discontinued after 75 sec at second 
arrow ( | ). Time marker, 30 sec. For details see text. 


had been discontinued, but they did not bring air into the lung and did 
not affect the lethal outcome. In the experiment of Fig. 6C there was 
@ period of about 3 min of ineffective, gradually decreasing respiratory 
movements which occurred every 7-8 sec. 3 
_ Between 30 and 35 mg dry weight of an alcoholic extract of oak gall 
was required to produce the protection on intraperitoneal injection against 
the lethal histamine aerosol. Protection occurred within 1 hr and lasted 
for 24 hr, or sometimes as long as 4 days. In the experiment of Fig. 7 the 
animal was tested 4 hr and again 4 days after the intraperitoneal injection 
of the oak-gall extract. Four hours after the injection no signs of broncho- 
constriction were produced by the histamine aerosol, but deep inspirations 
interrupted the normal breathing and became more frequent as the aerosol 
continued. As shown in the later records (20 and 25 min) the respiration 
between the deep inspirations became progressively slower and finally 
| 31-2 
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(after 30 min) there was no longer a distinction between deep inspiration 
and normal respiration, which had become slow, about one respiration 
every 3 sec. When retested 4 days later (lower record Fig. 7B) the effect 
of the histamine aerosol had scarcely changed; however, when retested 


bronchoconstriction and the animal died within 5 min. 

The experiment of Fig. 8 illustrates in another animal the protection 
attained 1 hr after an intraperitoneal injection of the oak gall extract. 
In this experiment the histamine aerosol was discontinued after 30 min 
(at the arrow in e). Respiration soon quickened and the deep non 
became less frequent and ceased within 7 min. 


A4hr 


30 min 


35 min 


Fig. 7. Records of respiration from a guinea-pig under urethane anaesthesia (A) 
4 hr and (B) 4 days after an intraperitoneal injection of an alcoholic extract of 
oak gall. At the arrows ( | ) beginning of exposure to 1 % histamine aerosol, which 
was continued until the end of the records; the figures below the records show the 
time in minutes after the beginning of exposure to the histamine aerosol. Time 
marker, 30 sec. For details see text. 


When only about half the amount of alcoholic extract, corresponding 
to 15 mg dry weight, was awe intraperitoneally, only slight protection 
was attained. 

The alcoholic extract of oak gall was also effective when injected sub- 
cutaneously, but the effect was not so pronounced as after intraperitoneal 
injection. A typical experiment is illustrated in Fig. 9 in which the hist- 
amine aerosol was tested 34 hr after a subcutaneous injection of an alcoholic 
extract of oak gall (dry material 35 mg). The extract was from the same 
batch as that tested in experiment Fig. 8. The animal withstood the hist- 
amine aerosol which was continued for 30 min, but at the beginning there 
was one strong inspiratory effort, as indicated by the large downward stroke 
which indicated some bronchoconstriction. When the animal was retested 
24 hr later, the protection against the histamine aerosol had practically 
disappeared. 

The protective action of the alcoholic extract of oak gall does not result 


5 days later (not shown in the figure) the histamine aerosol caused intense 
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from the tannic acid present in the extract, because tannic acid injected 

jntraperitoneally into a guinea-pig did not protect the animal, whereas 
an alcoholic extract of oak gall, from which the tannic acid had been 
removed by lead hydroxide precipitation, produced protection. The experi- 
ment of Fig. 10 shows the protection against a histamine aerosol tested 
Shr after an intraperitoneal injection of about 10mg tannin-free dry 
material. 


Fig. 8. Records of respiration from a guinea-pig under urethane anaesthesia | hr 
after an intraperitoneal injection of an alcoholic extract of oak gall (dry weight 
35 mg). At the arrow ( +) at a, beginning of a 30 min exposure to 1 % histamine 
aerosol which was discontinued at the arrow ( | ) at e. Tracing a and b, continuous 
record; c, 10 min, d 20 min and e 30 min after beginning of histamine aerosol; 
tracing e, f and g, continuous. Time marker, 30 sec. For details see text. 


DISCUSSION 

The finding that extracts of the buffy coat of horse blood injected into 

& guinea-pig selectively lower the sensitivity to histamine, not only of the 
smooth muscles of the bronchi but also of the intestine, suggests that the 
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active principle of the extracts affects smooth muscle in general. The 
present experiments do not deal with the problem of the origin of the active 
principle in the buffy-coat layer. When Kovacs (1950; Kovacs & Juhasz, 
1951, 1952) examined the antihistamine effect of such extracts on the 
bronchi in guinea-pigs in vivo, he found a definite correlation between 
potency and eosinophil count of the extracts, and suggested that the 
active principle was derived from the eosinophils. This suggestion is 
supported by the observation that extracts prepared from isolated 
eosinophil granules, obtained by digestion of leucocytes with trypsin, 
exert an antihistamine effect on the isolated guinea-pig ileum (Vercauteren 
& Peeters, 1952; Vercauteren 1953). Recently, Archer, (1956, 1959) 


Fig. 9. Record of respiration from a guinea-pig under urethane anaesthesia, 3} hr 
after a subcutaneous injection of an alcoholic extract of oak gall (dry weight 
35 mg). At the arrow (f), beginning of exposure to a 1% histamine aerosol 
which was continued until the end of the record. Tracings a, b and c, continuous 
record; d 20 min and e 30 min after the beginning of the histamine aerosol. Time 
marker, 30 sec. For details see text. 
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attributed antihistaminic properties to the eosinophils. According to his 


view the eosinophil leucocytes have a chemotactic affinity to histamine, 


gince he found that injections of histamine into the bone marrow or into 
the skin of horses produce a local accumulation of eosinophils. Their 
aiitihistaminic property was based on the finding that the local oedema 
normally produced by an intradermal injection of histamine was reduced 
or abolished in the eosinophil-rich areas. If the active principle of our 
extracts prepared from the buffy-coat layer were derived from the eosino- 
phils it would not be surprising that the amount of extract required to 


Fig. 10. Record of respiration from a guinéa-pig under urethane anaesthesia, 
5 hr after an intraperitoneal injection of tannic-acid-free extract of oak gall (dry 
weight 10 mg). At the arrow ( ¢ ) beginning of exposure to 1% histamine aerosol, 
which was continued to the end of the record. Tracings a, b and c, continuous 
record. Time marker, 30 sec. For details see text. 


produce the antihistaminic effect corresponds to a relatively large amount 


of the buffy coat, since it is known that on standing and sedimentation of 


blood the eosinophils have a tendency to pass into the layer of red cells 
(R. K. Archer, personal communication). 

The fact that the extract of the buffy coat layer had no, or only a weak, 
antihistaminic effect in vitro when added to the bath in which the ileum 
preparation was suspended can be explained in either way. The active 
principle may be water-insoluble and therefore not effective when added — 
to the bath fluid, or the effect may not be a direct one on the smooth 
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muscles, as that of the synthetic antihistamine, but may develop only 
in vivo by an as yet undefined mechanism. It is natural to think in this 
connexion of the protective action which cortisone and adrenocortico- 
trophic hormone exert on allergic and inflammatory reactions. 

One of the striking features of the antihistaminic action of the alcoholic 
extracts of oak gall was its long duration. The variability in the effective- 
ness of our different batches of oak-gall extracts is in agreement with 
previous observations (Kovacs, Kovacs, Szabady & Varsanyi, 1952). 
Since the active principle in oak galls seems to be inactivated by oxygen, 
such variability is more likely to be found when, as in the present experi- 
ment, old stored galls are used for extraction. This is because in spring 
the wasps escape from the galls, leaving fine holes in the skin through 
which air can enter. 

When a guinea-pig was protected against a lethal histamine aerosol by 
an injection of oak-gall extract the histamine aerosol was not found to be 
ineffective, but produced changes in respiration and behaviour which were 

attributed to central actions of the histamine. The guinea-pigs appeared 
- to be partly paralysed or in a condition of light anaesthesia. In other 
species histamine is known to produce such effects as a result of its central 
action (for references see Feldberg & Schilf, 1930). 

In the untreated guinea-pigs such effects have hitherto not been observed 
because of the lethal bronchospasm which supervenes so quickly. By 
protecting the guinea-pigs against this bronchospasm these central effects 
are unmasked. This does not necessarily mean that the oak-gall extracts 
have no protective action against the central effects of histamine, it need 
only be a sign that the effects of histamine on the central nervous system 
are more resistant than those on the bronchial muscles. | 

From the experiments performed so far it is not possible to draw 
conclusions about the chemical nature of the active substance in oak-gall 
extracts or about its mechanism of action. Nor is it possible to state 
whether the active principle is the same as that effective in extracts of the 
buffy-coat layer of horse blood. 


SUMMARY 


1. In guinea-pigs protected against a lethal histamine aerosol by an 
intraperitoneal injection of extract prepared from the buffy-coat layer 
of horse blood, the ileum, when suspended in a bath of tyrode solution, 
was found to be two to a thousand times less sensitive to histamine than 
a preparation obtained from an untreated animal. The sensitivity to 
acetylcholine was also reduced, but to a lesser degree. 


2. An intraperitoneal injection of the extract was more effective than 
a subcutaneous one. 
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3. The reduced sensitivity of the ileum preparation was observed a 
few hours after the injection. When a purified extract prepared with Al,O, 
column chromatograhy was used, the effect lasted for at least 24 hr. 

4. Guinea-pigs were protected against a lethal histamine aerosol by 
intraperitoneal or subcutaneous injections of an alcoholic extract prepared 
from Hungarian oak gall. 

5. In untreated guinea-pigs a 0-6-1% histamine aerosol produces 
lethal bronchospasm, and the animals usually die within a few minutes. 
Protected animals withstood the histamine aerosol for 20 min or longer, 
and death when it occurred was apparently due to central respiratory 
failure. 

6. These effects were obtained in unanaesthetized guinea-pigs and in 
guinea-pigs anaesthetized with urethane, in which the respiratory move- 
ments during the histamine aerosol were recorded on a smoked drum by 
transmission of the movements of the chest and abdomen to a lever 
through a hinged flap made of Perspex. 

7. In unanaesthetized guinea-pigs protected by an injection of oak-gall 
extract the histamine aerosol produced not only changes in respiration 
but also in behaviour. The animals appeared to be partially paralysed or 
in a condition of light anaesthesia. This is probably a central effect of 
histamine, known to occur in other species, and unmasked in the guinea-pig 
because the lethal bronchospasm was prevented. 

8. The protective effect of oak-gall extract developed within 1 hr after 
the injection; it lasted for 24 hr and sometimes as long as 4 days. 3 

9. The protective effect of the oak-gall extract was not due to tannic 
acid. An injection of tannic acid was ineffective, but.an extract from which 
the tannin had been removed by lead hydroxide precipitation produced 
the effect. | | 
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- In the course of previous work in which micro-electrodes have been 
used to record nervous activity in the locust optic lobe (Burtt & Catton, 
1956, 1959), from time to time the activity of single units has been ob- 
served, although in general the responses have been multiple in nature. 
_ The present paper deals with the collected data from experiments on 
thirty-one single units on which extended observations could be performed. 
A preliminary report has already appeared (Burtt & Catton, 19595). 


METHODS 


The preparation. Adult female specimens of the migratory locust, Locusta migratoria 
migratorioides R & F, were used in all experiments. The insect was immobilized by 
dividing the nerve cord in the cervical region, and was firmly fixed on a cork platform. The 
head was secured in a Plasticine mould, and a small pilot hole was made centrally in 
the cornea to permit entry of the micro-electrode. An indifferent electrode was inserted 
through a hole in the head. In some experiments the head capsule was opened and the 
micro-electrode was inserted into the anterior or posterior lateral surface of the optic lobe 
(Fig. 1). 

Stimulation and recording. The types of stimulation used were (a) on-off, by switching 
a lamp placed over the preparation on and off; (b) movements of a small illuminated white 
card to evoke movement responses. The metal micro-electrodes were made by inserting 
fine silver or platinum wires into drawn-out glass capillaries and sealing off the tip by 
gentle heating. Standard silver wire 25 p in diameter was sharpened by electrolytic erosion 
in dilute nitric acid to a final tip diameter of 5-10 ». Wollaston wire was found convenient 
for making platinum electrodes, a short terminal portion of the 10 » platinum core being 
exposed by dissolving away the silver sheath in nitric acid, leaving the stouter silver-. 
sheathed portion for soldering to a lead-out wire. The a.c.-coupled amplifier was used with 
& short time constant in order to attenuate unwanted low-frequency signals such as the 
illumination potential. The micro-electrode was inserted by means of a micrometer drive 
reading to 50 yp. 

RESULTS 


‘During penetration of the eye and optic lobe by the microslediante 
there was a sudden onset of large spike activity when the electrode tip - 
reached a level corresponding to the outer border of the second synaptic 
-Tegion, about 1-1 mm from the eye surface (Fig. 1). Although in many 
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experiments the activity of more than one unit was seen in the records, in 
favourable cases it was possible to identify the spikes from a single cell by 
virtue of the regularity of their discharge and uniformity of amplitude, and 
these were usually detected on both the monitor oscillograph and the 


loudspeaker in the course of the experiment. The single-unit discharges 


were recordable only over a very narrow range in depth, not exceeding 
0-1 mm in any one instance, indicating the high degree of localization to be 
expected when recording from a single active cell. 


10 


uw 
Number of observations 


5 


5 1:0 
Depth from surface (mm) 

Fig. 1. Frontal section through compound eye and optic lobe of locust, with 
diagrammatic representation of the three synaptic regions (I, II, III) and some 
principal fibre connexions. a, b and 2-3,. neurones associated with the second 
synaptic region; ¢.f., neurone somata of tract by-passing third region; c, neurone 
associated with the third region. Below is a depth scale, with frequency of observa- 
tion and depth of single-unit responses. 


Of the 31 single units on which extended observations were possible, 
25 were found in the depth range 1-0—1-25 mm and 6 in the range 1-5- 
1-6 mm; the latter did not appear to differ in their properties from the 
former. One unit giving a very large spike (amplitude about 1 mV) was 
recorded by the method of lateral approach. It appeared to correspond to 
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one of a group of large neurones which have been identified anatomically 
(Fig. 1, ¢.f.), but extended observations were not possible because of the 
short survival time of the preparation with an open head capsule. In 
general the behaviour of the single units was characterized by brief high- 


frequency discharges when the light was switched on or off, although a few 


units failed to give an off-response. Most units discharged continuously at 
low frequency in light or darkness, but some (here called L-units) were in- 
active in darkness. Most of the units gave brief discharges in response to 
movement stimuli, as when a white card was moved rapidly in the visual 
field. It became clear that at least three types of responding units were 


present. 


Types of single unit response 
Those units which gave a steady discharge in the dark at a rate equal to 
or greater than that observed in steady light, were termed D-units. Units 
which gave a discharge only under illumination of the eye were termed 
L-units. Two units were found which gave pure on-responses. 
D-umits. These were characterized by giving both on and off peaks of 


high frequency, by showing a dark-adapted discharge rate either equal to 


or greater than the light-adapted rate, and by giving responses to move- 
ment stimuli. Of the 31 units studied, 24 were ofthis type. The dark- and 
light-adapted rates remained constant over long periods. Figures 2 and 3 
illustrate an experiment performed on a D-unit, which showed a higher 
dark-adapted than light-adapted rate. Beginning with a period of adapta- 
tion to a low intensity (220 lm/m?) at which the discharge rate was 10/sec, 
the lamp was quickly moved close to the eye, giving a peak discharge 
(on-response) of 75/sec. There was a rapid adaptation to the higher in- 
tensity (3500 lm/m?), and within 25 sec the light-adapted rate of 6/sec was 
reached. Shortly afterwards the light was switched off and the transient 
off-burst reached a peak of 80/sec, with a very rapid adaptation in about 
5 sec to the dark-adapted rate of 20/sec.. Figure 4 shows the behaviour of 
a D-unit in which dark- and light-adapted rates were equal. The on and 
off peak discharge rates were about equal, and adaptation to light and to 
darkness was initially very rapid, although complete adaptation required 
about 3 min in each case. Dark discharge rates ranged from 1/sec to 20/sec 
in different D-units, and peak on and off bursts ranged from 40/sec to 
150/sec. 

L-units. These were a second distinct type of unit, showing no discharge 
in darkness or below a certain low level of intensity, an on-response, a 
steady discharge in light, which increased with increasing intensity, and 
simple cessation of the discharge at ‘off’. Five of the units studied were 
of this type. They were further distinguished from the D-units by having 
a larger spike amplitude and by failing to give responses to movement 
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0-SmV 


1 sec 


Fig. 2. Oscillogram showing behaviour of a D-unit. a, adapted rate of discharge in 
dim light (about 220 lm/m?*); 6b, on-response to a sudden increase in intensity by 
moving of lamp nearer to eye (about 3500 lm/m?*); c, light-adapted for 30 sec; 
d, off-response; e, 30 sec and f, 60 sec of dark adaptation. Bar below record indi- 
cates illumination of eye and roughly its intensity. Note the base-line disturbances 
at ‘on’ and ‘off’, due to illumination potential. 
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Fig. 3. Discharge rate of D-unit of Fig. 2 plotted against time. 
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stimuli. The behaviour of a L-unit, when subjected to a 3 min period of 
illumination after a period in darkness, is shown in Fig. 5. 

On-unit. Two units were found which gave a response only to ‘light o on’, 
with a brief following train of spikes which disappeared in a few seconds 
(Fig. 6). Since these units gave no continuous discharge either in light 
or in darkness they were regarded as a distinct type of unit. 

90 
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Fig. 4. Behaviour of a D-unit in which dark- and light-adapted rates were equal. 
Record starts in dark-adapted state, followed by a period of 3 min illumination. 


Visual field response area of single units 

From previous work on the anatomy of the optic lobe and analysis of 
the synaptic connexions (Burtt & Catton, 1959a) it was expected that 
neurones at the depths at which the single active units were recorded 
would be of the second or third order removed from the photoreceptors 
(retinula cells of the ommatidia). It would be reasonable to assume that 
the single units studied were situated at points of convergence on pathways 
derived from many ommatidia. If this were so, it should be possible to 
evoke responses in the D-units to movement stimuli extending over a wider 
angular zone than that associated with a single ommatidium. This latter 
value was known from previous work (Burtt & Catton, 1954) to be about 
20°. It was found that for all the D-units tested movement responses could 
be obtained over the whole visual field of the compound eye, pointing to a 
high degree of convergence on these units. An extensive overlapping of 
the post-retinal fibres in their course to the first synaptic region has been 
clearly seen in the eye of Calliphora, not so clearly in Locusta (Burtt & 
Catton, unpublished), in such a way that fibres originating from the same — 
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ommatidium may have widely dispersed connexions in this region. Further 
complexity of connexions to neurones associated with the second synaptic 
region may well be introduced by the broad bands of fibres forming the 
first chiasma, although individual fibre connexions cannot be followed 
here. 


; 


Discharge rate (impulses/sec) 


Time (sec) 


Fig. 5. Behaviour of an L-unit. Oscillogram shows a, no dark discharge; 6, on- 
response (with discharge in other units giving smaller spikes and small on-wave 
of illumination potential) ; c, sustained discharge during illumination ; d, 60 sec later ; 
e, 3 min later. Bar below record shows period of illumination. Note no off-response 
by L-unit, but small spikes from other units are seen, together with small off-wave 
of illumination potential. Graph shows discharge rate plotted against time. 


Firm evidence for the existence of synapses on the pathway from the 
ommatidia to the single neurones studied was afforded in experiments in 
which small amounts of nicotine (0:1% nicotine base in mammalian 
Ringer’s solution) were injected into the optic lobe. This resulted in com- 
plete abolition of responses of the single units to all forms of stimulation, 


although some spontaneous activity in other parts of the optic lobe still 
persisted for a time. 


Anatomical location of the responding neurones 
In Fig. 1 are shown the numbers of responses observed at each of a 
series of depths alongside a scale diagram of the optic lobe. The responses 
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fall into two groups, one centred round 1-1 mm and a second centred round 
15mm from the surface. The peak of the more superficial group corre- 
sponds to the second synaptic region, and that of the deeper group to the 
third synaptic region. In view of the large size (10-15 y) of the neurone 
somata in relation to the very thin non-myelinated fibres in the optic lobe, 
and the dimensions of the recording electrode (10, tip), it seemed highly 
probable that the recorded responses originated from the somata rather 


150 + 


Discharge frequency {impulses/sec) 


Time (sec) 


Fig. 6. Oscillogram shows behaviour of an on-unit. Note a, no ‘dark’ Medina, 
b, on-response; c, brief train of spikes. Inversion of spikes is of instrumental 
origin. Graph shows discharge rate plotted — time. 


ie the fibres. It will be seen from Fig. 1 that most of the neurone somata 

are situated laterally, between the synaptic regions, although a few are 
found scattered across the width of the lobe at the same levels. These 
neurones do not form a morphologically homogeneous population: some 
(Fig. 1, a) send a short process to terminate in an arborization in the 
second synaptic region; others (Fig. 1, 2-3) send out a longer process, 
which after forming an arborization in the second region terminates in 
4 further arborization in the third region. We are not at present able to 
correlate these anatomical differences with specific types of single-unit 
behaviour. Situated between the second and third regions are other groups 


Of somata. Some (Fig. 1, ¢.f.) send out two on one forming an 
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arborization in the second region and the other passing as a fibre in a 
tract which proceeds directly into the optic stalk. Others (Fig. 1, b, c) 
send arborizing processes into the second or third regions. 

In order to have further confirmation of the location of the single units 
the optic lobe was exposed and the electrode brought up to the anterior 
or posterior lateral surface. Identification of the zone of neurones between 
the first and second synaptic regions was made easier by the fact that 
under strong illumination the outline of the second region could be seen as 
a large pale mass within the lobe. It was found in these experiments that 
large spike responses could only be obtained from the zones of neurone 
somata, although extended observations were not usually possible since 
preparations with exposed optic lobes survived only for a short time. 
Insertions of the electrode in the anterior and posterior lateral surfaces, 
medial to the second synaptic region, revealed large spike responses in the 


tude were recorded from zone ¢.f., and the discharge rate of these units was 
altered by illumination. They could be detected readily even with the 
electrode on the surface of the optic lobe. On the other hand, the activity 
of neurones 6, c was unaffected by variations in illumination, and they 
appeared to discharge spontaneously. 

Thus it is suggested that the single-unit responses described originate 
at two distinct levels; from the neurone somata lying between and to the 
side of the first and second synaptic regions, and from the neurone group 
t.f. (Fig. 1) situated anteriorly between the second and third regions of 
synapses. The situations of these two groups of active neurones help to 
clarify an earlier observation (Burtt & Catton, 1956) where in some cases 
there were two distinct levels for maximum response to movement stimuli, 
superficial and deep to the second synaptic region. This was in all proba- 
bility a less sharply defined observation of the two sets of responses. Those 
cases where only a single maximum was found (the majority) could be 
explained as being due to a line of penetration which failed to encounter 
the group ¢.f., readily understandable in view of the smallness and lateral 
disposition of this group. 


DISCUSSION 


i No published work on single-unit spike responses from the insect 
i eye, or from any arthropod eye except that of Limulus, has been found in 
t the literature. There are extensive data on single-unit responses from 
various vertebrate eyes, but since these differ so completely in structure 
if from the insect compound eye it seems profitless to undertake a full 
if discussion of results on the vertebrate, although some comparisons will 
be made. 


zones of neurones t.f. and b, c (Fig. 1). Single spikes up to 1 mV in ampli- _ 
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: The compound eye of Limulus differs from that of arthropods generally 


in that the photoreceptor layer (retinula cells of the individual ommatidia) 
is widely separated from the associated synaptic regions, which in this 
genus are situated in the brain. In insects and most other arthropods the 
synaptic layers lie in the compact optic lobe, which lies in close apposition 
to the base of the compound eye. As a consequence, the post-retinal 
fibres, which connect the photoreceptor layer to the first region of synapses 
in the optic lobe, are very short ; in Limulus they are very long and together 
form the ‘optic nerve’. In insects the fibres which pass in the optic stalk 


from the optic lobe to the brain are of at least the third order, and carry 


impulses which are the outcome of complex nervous activity in the synaptic 
regions. They may therefore be presumed to have lost some of the sim- . 
plicity of relation to visual stimulation which may be expected of neurones 
more closely associated with the retinula cells. 

Single-fibre records obtained from the optic nerve of Limulus (Hartline 
& Graham, 1932) were for long believed to represent activity in first-order 
fibres, originating directly from the retinula cells of individual ommatidia. 
More recent evidence (Waterman & Wiersma, 1954) suggests that at least 
one of the fibres from each ommatidium is in fact second-order, there being 
a synapse in the ommatidium itself, formed by a specially large retinula 
cell termed the ‘eccentric cell’. The fibres from the eccentric cells are 
thicker than those from the normal retinula cells and the evidence suggests 
that the single-unit spikes recorded in Limulus optic nerve are derived 
solely from these large eccentric-cell fibres. The single-unit studies on 
Limulus eye led to the conclusion that they showed a uniform behaviour, 
characterized by an on-response, a discharge rate increasing with increase 
of light intensity and the absence of an off-response (Hartline & Graham, 
1932). Their properties therefore closely resemble those of the L-units in 


the locust optic lobe described in the present work. Units giving a dark 


discharge and an off-response are found only in the centrally-placed optic 


ganglion situated in the brain of Limulus (Wilska & Hartline, 1941). 


In making comparisons with the vertebrate eye it is reasonable to make 
the assumption that the synaptic layers of the insect optic lobe find their 
functional correlates in the zones of synapses in the retina. Until recently 
single-unit activity in the vertebrate eye has been recorded only from the 
ganglion-cell layer, e.g. Barlow (1953) or from single optic-nerve fibres 
(Hartline, 1938; Thomson, 1953), which would be expected to display 


_ Similar properties. The records obtained in these ways have established the 


presence of three types of response; those giving an on-burst with a sus- 


tained discharge during illumination; those giving on- and off-bursts only ; 


and those giving an off-burst followed by a brief dark discharge. Hartline 
(1938), recording from frog optic nerve fibres, found 30% on-units, 50% 
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on-off units and 30% off-units. Barlow (1953), recording from ganglion 
cells of the frog’s retina, found 6 % on-units, 50% on-off units and 44% 
off-units. Compared with the properties of single units in the frog’s eye, 
the locust L-unit:and on-unit appear to correspond to the frog on-unit, 
and the locust D-unit to the frog on-off unit, with the reservation that the 
latter has not been described as giving a discharge in darkness. The relative 
proportions in locust eye are 22% on-type units (L-units plus pure on- 
units) and 78% on-off (D-units), pure off-units not having been observed 
in the locust compound eye. It is interesting to note that the simple eyes 
(ocelli) of the locust give rise to pure off-responses in the ventral nerve 
cord (Burtt & Catton, 1954); one might speculate that these organs in 
some way supplement the functions of the compound eyes in providing 
an off-signalling system. 

More recently, with the application of the glass pipette micro-electrode 
to studies of retinal function, spike responses have been observed at 
various depths in the retina. Thus Brindley (1956) recorded spikes from 
both the outer ends of the rods and cones and from the inner nuclear layer 
of the frog’s retina. Brown & Wiesel (1959) recorded single-unit spikes 
from the inner nuclear layer of the cat’s retina, which gave a low-level 
dark discharge inhibited by light, thus resembling the locust D-unit, 
although on- and off-bursts were absent. Byzov (1959) recorded single- 
unit spikes, showing on-, on—off- and off-bursts, over a range of depths from 
60 to 140 yp in the frog’s retina. He concluded that they originated from 
the cells of Dogiel, which occupy a position in the visual pathway corre- 
sponding to that of the ganglion cells, but are more deep-seated anatomi- 
cally. He found some neurones which gave a dark discharge inhibited by 
light. 

Granit (1955) regards the off-discharge in vertebrate eyes as related to 
an inhibitory process in the retina, the units discharging at ‘light off’ being 
those inhibited by light. We should expect then that an off-response would 
be a feature only of those units, such as the locust D-unit, which are in- 
hibited by light. Correspondingly those units whose activity was increased 


by light would give an on-discharge and little or no off-discharge (the 


locust L-unit). On the other hand, an earlier conception of the complete 
specificity of visual unit responses, such that given fibres could be classified 
as on- or off-responders under all conditions, must be modified in view of 
more recent findings in vertebrate eyes. Thus in the cat’s retina there is 
a great variability in the ratios of the on and off peak discharges of given 
units, according to the light intensity and state of adaptation (Granit, 
1948; Donner & Willmer, 1950). We have not been able to demonstrate 
such lability of behaviour in locust eye visual units. 


on 
3 
J 
Py 
u 
Ng 
= 


SINGLE UNITS IN LOCUST OPTIC LOBE 489 


SUMMARY 
1. Responses from single neurones in the optic lobe of the locust have 


been recorded by the use of fine-tipped glass-shielded metal micro- 
electrodes. 


2. The responding units were of three kinds; those (termed D-units) 
giving brief bursts of spikes at ‘light on’ and ‘off’, showing a dark dis- 
charge inhibited by light, and giving responses to movement stimuli; 
those (termed L-units) giving a brief burst of spikes only at ‘light on’, 


being silent in darkness and showing a discharge rate which increased 


with increasing illumination, and giving no movement responses; units 
which gave a pure on-response. Of 31 units studied, 24 were D-units, 
5 were L-units and 2 were on-units. 

3. The active units were identified as neurone somata associated with 


the second and third synaptic regions of the optic lobe. Their activity was 
abolished by nicotine. 


4. The visual-field response area of the single units was much greater 
than that associated with a single ommatidium, and covered almost the 


‘whole visual field. 


5. Parallels in behaviour between eas units and single-unit behaviour 
in other eyes are discussed. 
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ACTIVE MUSCLE VASODILATATION PRODUCED BY STIMULA- 
_ TION OF THE BRAIN STEM: ITS SIGNIFICANCE IN 
THE DEFENCE REACTION 
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The existence of a sympathetic vasodilator nerve supply to the skeletal 
muscles of the cat and dog has been known for some time (Biilbring & 
Burn, 1935; Folkow & Uvnis, 1950). More recently it was discovered that 
these vasodilator nerve fibres can be activated by electrical stimulation 
in the hypothalamus, in regions of the mid-brain tegmentum and medulla, 
and, in the dog, by: stimulation of a small region of the motor cortex 
(Eliasson, Folkow, Lindgren & Uvniis, 1951; Eliasson, Lindgren & Uvnis, 
1952; Lindgren & Uvniis, 1953; Lindgren, 1955). These findings led 
Lindgren, Rosén, Strandberg & Uvniis (1956) to postulate the existence of 
a vasodilator pathway, originating in the anterior sigmoid gyrus and 
passing to the spinal cord via the hypothalamus, mid-brain tegmentum 
and medulla. They suggested that this pathway was involved in the 
cardiovascular adjustments of muscular exercise. 

Previously, Eliasson e¢ al. (1951) had noted that the muscle vasodilatation 
produced by hypothalamic stimulation was accompanied by vasocon- 
striction in the skin and intestine, and by other signs of sympathetic 
activity. In view of the known role of the hypothalamus in the expression 


of ‘fear’ and ‘rage’, they suggested that the vasodilator fibres were 


normally activated as part of the patterned response characteristic of 
these emergency reactions. According to the view of Eliasson, Lindgren & 
Uyniis (1954), the hypothalamic areas were to be regarded as relay stations 
on a vasodilator pathway which could be activated not only in cases of. 


- emergency, but indeed whenever a sudden increase in muscle blood flow 


would be required for muscular effort. 

In the conscious cat, systematic stimulation of points in the hypo- 
thalamus enabled Hess to define a region from which co-ordinated be- 
haviour characteristic of the emergency reactions could be evoked (Hess & 
Briigger, 1943). This behaviour pattern, which commenced with alerting 
and culminated in flight or attack, was termed the defence reaction. In 


* Work carried out during tenure of Beit Memorial Fellowship. + Rockefeller Fellow. 
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the present experiments we have located those parts of the hypothalamus 
and mid-brain from which the muscle vasodilatation is evoked and have 
shown that they are in fact the regions responsible for the whole integrated 


defence reaction in the conscious cat. Thus, strictly speaking, these are 


not vasodilator areas, but co-ordinating centres which produce muscle 
vasodilatation as a part of the defence reaction. In addition, we have 
located a separate vasodilator pathway which is activated by this extensive 
defence centre and which runs in close relation to the cerebral peduncles. 

Woodworth & Sherrington (1904) showed that stimulation of peri- 
pheral nerves in the high-decerebrate cat elicited a response comprising 
many features of the defence reaction, which they termed the pseud- 
affective reflex. Cannon & Britton (1925) showed that all the autonomic 
features of the defence reaction which were known at the time could be 
produced reflexly in such preparations. In the present experiments, the 
active muscle vasodilatation has been found to be a prominent feature of 
these reflex responses, the reflex centre presumably being those regions 
of the hypothalamus and mid-brain from which the defence reactions are 


obtained. 


METHODS 


All experiments were performed on cats. The acute experiments were carried out under 
chloralose anaesthesia, a dose of 60-80 mg/kg being injected intravenously after anaesthesia 
had been induced with ethyl chloride and ether. To prepare a hind limb for registration of 
changes of muscle blood flow, a longitudinal incision was made in the skin along the inner 
side of the leg from the inguinal region to the ankle, the skin was separated from the under- 
lying tissues, the circulation through the foot was occluded by a stout ligature round the 
limb just above the ankle joint and the skin was thon sewn back over the iimb. The femoral 
venous outflow was passed via polythene cannulae through a photo-electric drop-recorder 
and returned to the fernoral vein more centrally. Changes of skin flow in the forepaw were 
registered similarly by recording the outflow from the cephalic vein. To record intestinal 
flow the circulation through several arcades supplying a section of the small intestine was 
isolated and the outflow from the appropriate branch of the superior mesenteric vein was 
passed through the drop-chamber and back into a branch of the portal vein. Heparin 
(1000 u./kg) was injected 1 hr after all dissections had been completed, and before the veins 
were cannulated for recording venous outflow. 

Blood pressure was recorded by a mercury manometer connected to a s carotid artery. 
Respiratory movements were registered by a piston recorder connected to corrugated 
rubber tubing held round the animal’s chest. 

Deep structures of the brain stem were stimulated by the use of stereotactically placed 
monopolar steel micro-electrodes. They were prepared from steel sewing needles by electro- 
lytic erosion (Bishop & Collin, 1951) to a tip size of 5-20, and were varnished except for 
the tip, either with a single coat 6f Dulux varnish, or with four coats of ‘Araldite’ 985E. 
The indifferent electrode was a similar steel needle pushed under the skin of the neck. 
A square-wave stimulator was used, the output being isolated from earth by means of an 
RF unit. 

Electrolytic lesions were produced with similar electrodes, the insulation having been 
scraped off the tip to leave the last 0-5 mm bare. In some experiments, these electrodes were 
inserted in pairs, 2 mm apart, at the same antero-posterior level, and lesions were made by 
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passing current from one electrode to the other. In some, a single electrode was used, 
eurrent being passed between this electrode and an indifferent electrode under the skin. 

In a number of experiments electrodes were implanted into the brain stem in sterile 
operations under pentobarbitone anaesthesia. These electrodes were no. 6 or no. 4 intestinal 
needles made from austenitic steel and coated with ‘Araldite’ 985E. The needles used had 
8 tip diameter of about 50. The electrodes were implanted either singly or in assemblies. 
In such an assembly the needles, spaced at 2 mm intervals, were previously fixed in a small 
fluon (Polytetrafluoroethylene, Imperial Chemical Industries Ltd.) plate. The electrodes 
were implanted by means of the stereotactic apparatus. To aid fixation of the electrodes, 
2 or 3 small (10 BA) stainless steel screws were screwed into the outer table of the skull, 
one being used for holding the indifferent electrode, a small stainless steel plate. Acrylic 
resin (Dental Fillings, Ltd.) was used to cover the electrodes and screws, and to cement 
them together. The leads were brought under the skin of the neck and out between the 
scapulae, to be fixed to a connector carried by the animal on a leather or polythene jacket. 

Exact location of the needles was determined histologically at the end of each experiment. 
The brain was fixed by perfusion with alcoholic formol saline. Sections 25 u thick were cut 
on the freezing microtome and stained with luxol fast blue and cresyl violet (Kliiver & 
Barrera, 1953). 

In some experiments muscle blood flow was registered in decerebrate cats. Under ether 
anaesthesia the calvarium was removed and the thalamus, basal ganglia and cerebral 
hemispheres were extirpated with a spatula. The anaesthetic was then discontinued. Two 
methods were used to record muscle blood flow. In one it was recorded directly by a cross- 
circulation technique. The circulation of one gastrocnemius muscle of the decerebrate cat 
was isolated and the muscle was supplied with blood from a heparinized donor cat. The 
venous outflow from the muscle was registered by the drop-recorder on its return to the 
donor. The spinal cord of the decerebrate cat was tied below the emergence of the L6 roots, 
so as to eliminate movements of the gastrocnemius while preserving its sympathetic 
innervation. The other method enabled the preparation to be more rapid and avoided the 
use of heparin. The changes of muscle blood flow were registered by a modification of the 
venous temperature method described by Abrahams (1959). In the original method a small 
chamber bearing a thermistor bead is inserted between the cut ends of the femoral vein. | 
In the present modification cutting the vein was avoided by mounting the thermistor bead 
on the surface of a small strip of ‘Araldite’ which was held close to the external surface of 
the vein by an ‘Araldite’ cuff placed round the vessel. In this way adequate records were 
obtained of the changes : in venous blood —, which result from changes in muscle 
blood flow. 


RESULTS 


The finding of Eliasson et al. (1951) and Lindgren (1955), that active — 
vasodilatation in skeletal muscle is elicited by electrical stimulation of 
regions of the hypothalamus and mid-brain, was readily confirmed. This 
vasodilatation usually appeared after about 5-10 sec ur stimulation and 
reached a maximum within a few seconds. When stimulating with voltages 
just above the threshold (2-5 V under the present experimental conditions) 
the muscle blood flow often approached the value seen after maximal 
tetanic contraction. In some experiments, thee was almost a tenfold 
increase in flow. As was shown by Lindgren (1955), square-wave stimula- 
tion at a frequency of 70-80 pulses/sec and with a pulse width of 2 msec 
is optimal for this response. With these parameters it was possible to 
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elicit reproducible responses from the same point in the hypothalamus at 
intervals of 3-4 min. We have elicited up to 13 successive responses 
without any obvious diminution. 

At most points in the hypothalamus from which vasodilatation was 
elicited, the stimulation also produced moderate rises of arterial blood 
pressure, up to 40 mm Hg. On stimulation in some parts of the mid-brain 
these blood-pressure rises were much higher. It was clear, however, that 
these rises in blood pressure made little if any contribution to the increase 
in blood flow. Almost invariably the rise of blood pressure occurred before 
the onset of vasodilatation, and the pressure was back to normal when the 
vasodilatation was at its peak. Moreover, small doses of atropine (0-1 mg/ 
kg) abolished or greatly reduced the vasodilator response (Eliasson et al. 
1951), while the blood pressure rise then produced was if anything greater. — 

As was noted by Eliasson e¢ al. (1951), the vasodilatation was usually 
accompanied by vasoconstriction in the skin and intestine, by tachycardia, 
pupillary dilatation and retraction of the nictitating membrane. In 
addition, we observed widening of the palpebral fissure, pilo-erection along 
the tail and mid line of the back, and changes in respiration. Respiratory 
movements were usually rapid, though much reduced in depth, the chest 
being held predominantly in the inspiratory position. The respiratory 
change made no significant contribution to the cardiovascular responses ; 
for they persisted when the animals were artificially respired. With light 
anaesthesia stimulation often produced swishing movements of the tail, 
arching of the back and small movements of the jaws and limbs. In general, 
these associated effects were most prominent on stimulation of the brain- 
stem regions which produced the largest vasodilator responses. 


Localization in the hypothalamus 

The excitable area was sharply localized. As an example, the three 
panels in Fig. 1 show the effects of stimulating three points 1 mm apart, 
along a single electrode track in the tuberal region or the hypothalamus. 
The muscle vasodilatation obtained on stimulation at the middle point 
(marked 0) was much greater than that produced by stimulation 1 mm 
above or below it (marked X’ and X). Figure 2 shows a hemisection of the 
brain from this experiment, in which there are four electrode tracks, the 
diagrammatic hemisection on the right illustrating the position of the 
electrode tip when the results shown in Fig. 1 were obtained. With the 
electrodes used stimulation probably only occurred close to the tip. 
From results such as these it was possible to construct maps of the re- 
stricted areas of the hypothalamus from which large vasodilator responses 
in skeletal muscle were obtained. The maps shown in Fig. 4 incorporate 
the results of twenty-two experiments in which the hypothalamus was 
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systematically explored, and of fifteen experiments in which electrodes 
were chronically implanted. At each level the results are included from 
planes 1 mm anterior and posterior to the level of section. These maps 
give a somewhat less precise localization than that actually obtained in 
individual experiments, because the borders of the area vary a little from 
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Venous outflow, muscle 
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Venous outflow, skin 
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Fig. 1. Cat, chloralose. Records of venous outflow from skinned lower leg (top) 
and skin of the fore-paw (bottom), and of arterial blood: pressure (B.P.). At X’, 
@ and X, stimulation at 3 successive points, 1 mm apart, in one electrode track 
in hypothalamus. Position of electrode tip at each point is shown in Fig. 2. 
Time marker, 30 sec. 


one animal to another. The levels of the four illustrative sections through 
the hypothalamus are shown on the paramedian sagittal section in Fig. 3. 

The hypothalamus anterior to the optic chiasma was explored in six 
experiments. Large vasodilator responses were obtained in three of them. 
The excitable region extended horizontally in the undifferentiated grey 
Matter just above the base of the brain, from 1 to 3 mm lateral to the 
mid line, as illustrated in Fig. 4A. Smaller responses were obtained from 
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stimulation more dorsally, close to the anterior commissure, At the level 
of the optic chiasma the excitable area was sharply localized about 
1-2 mm lateral to the third ventricle, and just dorsal to the chiasma : 
itself (Fig. 4B). In the remaining three experiments this region was the 
most anterior from which large vasodilator effects could be obtained. 


Fig. 2. Left: photomicrograph (coronal section) of cat’s brain from same experi- 
ment as Fig. 1, showing four tracks left by stimulating electrode. Right: diagram- 
matic reproduction of section; X’, @ and X indicate position’ of electrode tip when 
records of Fig. 1 obtained. Fx, fornix; NHvm, ventromadial nucleus. 


On stimulation more posteriorly, at the tuberal level, the vasodilator 
responses were even larger. In all five of the animals in which this part 
of the hypothalamus was studied, the excitable area was in the perifornical 
region and extended laterally as a narrow band towards the zona incerta 
(Fig. 4C). In one animal the largest responses were obtained from a region 
dorsal to the fornix. Stimulation at the level of the mammillary bodies, 
carried out in five experiments, produced large responses from a strip 
dorsal and lateral tothe mammillary bodies themselves. In fourexperiments, 
large responses were obtained from a region just dorsal to the cerebral e 
peduncles (Fig. 4D). ‘ 
Throughout the hypothalamus the most excitable region for these | 
responses never appeared to be associated with any of the hypothalamic : 
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nuclei. When stimulating in the tuberal region, for example, the vasodilator 
response was greatly reduced when the electrode tip passed into the ventro- 
medial nucleus (as seen from Figs. 1 and 2). Likewise, stimulation in the 
mammillary bodies, supraoptic nucleus, paraventricular, suprachiasmatic 
and dorsomedial nuclei never produced a large vasodilatation. In different 
experiments the descending columns of the fornix were stimulated from 
the septal region to their termination in the tuberal region: the vasodilator 
éffect was never pronounced. 


Fig. 3. Diagrammatic paramedian sagittal section of cat’s brain indicating levels 
of coronal sections in Figs. 4 and 5. CA, anterior commissure; Ch, optic chiasma; 
CS, superior colliculus; Mm, mammillary body; Th, thalamus; III, oculomotor 
nerve. Section reproduced by permission of Editor of Brain. 


Thus, the excitable zone in the hypothalamus consists of a narrow strip 
in the anatomically undifferentiated grey matter on both sides of the 
mid line, and extending through the whole length of the hypothalamus, In 
_ the tuberal region, where the largest responses are obtained, a lateral 
extension of the zone is apparent. A little more posteriorly, in the region 
of the mammillary bodies, this leads to a small, sharply localized area just 
dorsal to the cerebral peduncle, from which large responses are obtained. 


Localization in the mesencephalon 


An exploration was made posterior to the mammillary bodies, as far back 
as the intercollicular level, in 22 acute experiments and in 7 experiments 
with chronically implanted electrodes. As illustrated in the diagrammatic 
sections H and F of Fig. 5, the most readily excitable regions were in the ~ 
tegmentum ventral to the superior colliculus (explored in 9 experiments), 
in the dorsolateral part of the central grey matter (explored in 10 experi- 
_ Ments) and in a restricted area dorsal to each cerebral peduncle (explored 
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Fig. 4. Diagrammatic coronal sections showing regions in cat’s hypothalamus 
from which active muscle vasodilatation is obtained on electrical stimulation. 
Hatching indicates regions from which vasodilatation regularly obtained. Dots 
indicate sites of large responses obtained in individual experiments. Sections 
A, B, C and D are at levels indicated in Fig. 3. Results are included from ex- 
plorations in planes 1 mm anterior and posterior to each level of section. CA, anterior 
commissure ; Ch, optic chiasma; Fx, fornix; Mm, mammillary body; Ped, cerebral 
peduncle; RPO, pre-optic area. 
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in 14 experiments). From these three regions, which appear to be well 
defined, large vasodilator responses were regularly obtained. Stimulation 
of the tegmentum between these regions sometimes also produced large 
yasodilator responses, but the excitable points were scattered and more 
difficult to find, and they varied from one animal to another. In Fig. 5£ 
and F' the dots indicate the points from which vasodilator responses were 


te 


Fig. 5. Diagrammatic coronal sections showing regions in. mesencephalon from 
which active muscle vasodilatation is. obtained on electrical stimulation. Hatching 
indicates regions from which vasodilatation regularly obtained. Dots indicate sites 
of large responses obtained in individual experiments. Sections H and F are at 
levels indicated in Fig. 3. Results are included from explorations in planes 
1mm anterior and posterior to each level of section. CS, wat gained colliculus ; 
GC, central grey matter; Ped, cerebral peduncle. 


obtained in one or another experiment. These points may well be the sites 
of tracts which connect the central grey matter and tegmentum with 
_ the peduncular region. 

At the level of the habenular nucleus, vasodilator responses could be 
elicited on stimulation of points in the pre-tectal region, presumably an 
anterior extension of the excitable region in the tegmentum ventral to the 
superior colliculi. 
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The separation of the three main regions is based not only on the ease 
with which the largest vasodilator responses were obtained, but also 
on differences of the associated autonomic effscts. The effects produced 
from the central grey matter resembled those seen on hypothalamic 
stimulation: there was pronounced pilo-erection, pupillary dilatation, 
retraction of the nictitating membranes, and a moderate rise in arterial 


blood pressure and heart rate. The response to stimulation in the teg- 


mental region was characterized by a particularly large rise of arterial 
blood pressure, often exceeding 200 mm Hg and associated with brady- 
cardia. On stimulation of the peduncular region the responses differed 
from those of the other two regions, in that the associated effects were 
minimal: pilo-erection and retraction of the nictitating membranes were 
hardly ever seen and arterial blood pressure either fell or rose only very 


slightly. 


Effect of mesencephalic lesions on active muscle vasodilatation 
produced by hypothalamic stimulation 
The fact that stimulation of the peduncular region resulted in a large 
vasodilatation with few of the other accompanying autonomic effects 
suggested that this region, already seen at the level of the mammillary 
bodies, and extending through the mesencephalon in the same position 
relative to the cerebral peduncles, is the main efferent pathway to the 
medulla for the muscle vasodilatation. Direct evidence for this view was 


obtained by examining the effect of discrete mid-brain lesions on the 


vasodilator response to hypothalamic stimulation. 

In these experiments a stimulating electrode was introduced into the 
excitable region at the tuberal level of the hypothalamus and fixed at a 
point from which large vasodilator responses were obtained. Two lesion 
electrodes were then introduced into the mesencephalon. As this pair 
of electrodes was racked down, electrolytic lesions were made at all 
points.on each track where vasodilator responses could be obtained. The 
adequacy of each lesion was tested by passing the stimulating current 
again. If a vasodilator response was still obtained, the lesion was extended. 
Histological examination showed most of the lesions to be less than 1 mm 
in diameter. | 

After each lesion had béen made the effectiveness of stimulating the 


hypothalamic point was tested. In only one experiment did the response — 


to hypothalamic stimulation remain greatly reduced after a tegmental 
lesion had been made, and in this case the lesion electrode had produced 
a large haemorrhage occupying the whole of one colliculus and the under- 
lying tegmentum. In 6 other experiments, even after multiple lesions in 
the superior colliculi, the tegmentum underlying them and the central 
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matter, the response to hypothalamic stimulation was much the 
game as it had been at the beginning of the experiment. There was often 
a transient reduction of the response, but this lasted for a few minutes 
only. Results from an experiment are shown in Fig. 6. The mid-brain 
section at the top shows some of the lesions made in four electrode tracks. 
Each track extended through the whole tegmentum, the lesions being 
made at all points where vasodilator responses were obtained. At the 
bottom are shown the vasodilator response to hypothalamic stimulation 
before (a2) and 1 min after (d) a tegmental lesion had been made. The 
lesion was made at the upper end of the section of the track seen just to 
the right of the central grey matter. Stimulation at this point produced 
strong vasodilator and pressor responses before the lesion (b) and practic- 
ally no response after it (e). Althogether 9 lesions were made during the 
course of this experiment and after all of them the hypothalamic response 
remained substantially the same. In striking contrast with the results of 
experiments such as this, a single small lesion restricted to the peduncular 
region from which vasodilator responses were obtained always abolished 
the hypothalamic response in 3 consecutive experiments. A typical result 
is shown in Fig. 7, in which the hypothalamic response was abolished by 

the lesion seen in the section. 


Stimulation of the brain stem in the conscious cat 

Defence reactions are obtained in conscious cats on stimulation of a 
well-defined region in the hypothalamus (Hess & Briigger, 1943). Similar 
reactions have been obtained from a localized region of the central grey 
matter (Hunsperger, 1956) and from points deep in the colliculi (Spiegel, 
Kletzkin & Szekely, 1954). From our experiments in anaesthetized cats 
the regions concerned appeared to be identical with those from which 
active muscle vasodilatation is most readily obtained. This identity was 
demonstrated in experiments in which electrodes were implanted in the 
hypothalamic and mid-brain areas which had been located on the basis of 
the vasodilator responses. Except in those animals with electrode im- 
planted in the peduncular region, subsequent stimulation in the conscious 
cat gave a fairly constant pattern of behaviour. Threshold stimulation 
Produced an alerting, or orientation, reaction. The resting animal would 
raise its head and look around, with moderate pupillary dilatation. As 
the voltage was increased, the animal would stand up with increasing 
pupillary dilatation and pilo-erection of the tail and back. It then began 
to hiss and snarl, with ears flattened and claws unsheathed. Finally, the 
eat would move rapidly around the observation chamber or would suddenly 
attack, particularly in response to a visual or auditory stimulus. The 


optimal stimulation parameters were the same as those for muscle vaso- 
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(drops/min) 


58 


(a) (6) @ (e) 


Fig. 6. Top: photomicrograph (coronal section) of cat’s brain at level of superior 
colliculus, showing electrolytic lesions in four electrode tracks. Bottom: records 
of venous outflow from skinned hind limb and of arterial blood pressure. At (a) 
and (d), electrical stimulation of same hypothalamic point. At (b) and (e) stimula- 
tion at same point in mesencephalic tegmentum, at top of electrode track just on 
right of central grey matter. At (c) electrolytic lesion made at this mesencephalic 
point. Time marker, 30 sec. : 
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(drops/min) 


Venous outflow 
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@) @ ©) 
Lesion 

Fig. 7. Top: photomicrograph (coronal section) of cat’s brain at level of superior 
colliculus, showing single electrolytic lesion in substantia nigra and cerebral 
peduncle, Bottom : records of venous outflow from skinned hind limb and of arterial 
blood pressure. At (a) and (e), stimulation of same point in peduncular region. 
At (b), (c) and (d), stimulation of hypothalamic point. Lesion made at peduncular 

Point between (b) and (c). Time marker, 30 sec. 
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dilatation. When these animals were anaesthetized with chloralose and ce 

stimulation was repeated, large vasodilator responses were obtained. fu 

The records shown in Fig. 8 are from such an experiment. A typical de 

defence reaction had been obtained before anaesthesia when stimulating ve 

with the electrode in the pre-optic region, shown in the diagrammatic ol 

section. Stimulation under chloralose with the same parameters produced 2 

30 st 

(1 

60 

> 


120 


= 130 
Te 


Atropine 
Fig. 8. Right: diagrammatic coronal section showing site in pre-optic region of 
cat’s brain of implanted electrode. Left: records of venous outflow from skinned 
hind limb and of arterial blood pressure of same cat under chloralose anaesthesia. 
At signals, stimulation through implanted electrode before (a) and after (b) 
intravenous injection of atropine (0-5 mg/kg). CA, anterior commissure; Ch, optic 
chiasma; RPO, pre-optic area. Time marker, 30 sec. 


the large muscle vasodilatation shown at (a) and, after an intravenous 
injection of atropine, the vasoconstriction shown at (b). With electrodes 
implanted in the hypothalamus, central grey matter and subcollicular 
tegmentum, the cardiovascular response and the behavioural reaction t] 
always went hand in hand. 3 ti 
i From electrodes implanted in the peduncular region, however, the 8 
et complex, co-ordinated, behavioural reaction was never obtained. The only t 

b 

a 


i responses seen in the conscious cat were either flattening of the homo- 
| lateral ear, closure of the eye or rolling over on one side, whereas under 
anaesthesia the typical muscle vasodilatation was obtained. 

It is concluded that the excitable regions on the hypothalamus and ‘4 
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central grey matter, and in the tegmentum ventral to the colliculi, 
function as integrative centres from which the component parts of the 
defence reaction, including muscle vasodilatation, are activated. These 
regions are shown as shaded areas in Fig. 9, which was constructed from 
our results. The areas in the hypothalamus and central grey matter are 
probably continuous. The posterior borders of the mid-brain areas have 
peen left indefinite, since we have not explored further back in the brain 
stem, but from the reactions obtained by Keller (1932) and Bard & Macht 
(1958) with chronic decerebrate cats it appears that the areas might extend 


_even into the pons. The vasodilator outflow from the integrative centres 


lies in the pathway just dorsal to the cerebral peduncles, indicated in Fig. 9 
by the heavy interrupted line. 


Fig. 9. Diagrammatic paramedian sagittal section of cat’s brain. Cross-hatched 
areas represent regions in hypothalamus, central grey matter and mesencephalic 
tegmentum apparently functioning as reflex centres for the defence reaction. 
Heavy interrupted line represents vasodilator pathway connecting the centres with 
the periphery. A-—A is the line of section used for decerebration. CA, anterior 
commissure; CS, superior colliculus; Mm, mammillary body; Th, thalamus; 
IIT, oculomotor nerve. Section reproduced by permission of Editor of Brain. 


Reflex activation of the cholinergic vasodilator fibres to muscle 
in decerebrate preparations 

In common with other reactions integrated at the diencephalic level, 
the defence reaction cannot be obtained as a reflex response in anaesthe- 
tized animals. Even under light chloralose anaesthesia, sciatic nerve 
stimulation will not produce any of the co-ordinated movements charac- 
teristic of the reaction. Of the autonomic responses, only the rise of arterial 
blood pressure and pupillary dilatation remain. We have never obtained 
an increase in muscle blood flow, and sometimes even saw a slight decrease. 
The results in decerebrate preparations are different. Woodworth & 
Sherrington (1904) showed that sciatic nerve stimulation elicited a complex 
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reflex response in cats decerebrated at the pre-collicular level. This 
response, which they called the pseudaffective reflex, comprised pupillary 
dilatation, vocalization, snarling, movements of the limbs and a rise of 
blood pressure. As is seen from Fig. 9, decerebration at the pre-collicular 
level would leave intact the major part of the integrating region for the 
defence reaction. 

We carried out experiments in which decerebration was started at the 
pre-collicular level and then extended rostrally to spare as much as 
possible of the hypothalamus, as indicated by the line on Fig. 9. In these 
preparations, electrical stimulation of the skin of one forelimb elicited, 
in addition to the effects deseribed by Woodworth & Sherrington (1904), 


Fig. 10. High-decerebrate cat. Record of venous outflow from gastrocnemius 
muscle, perfused by donor cat. At (a) electrical stimulation of skin of forepaw. 
‘Spontaneous’ reaction occurred at (b). Time marker, 30 sec. 


arching of the back and pilo-erection. We did not always observe all parts 
of the reaction. This is in keeping with a similar finding of Cannon & 
Britton (1925) on partially decorticate cats. In 5 out of 9 such preparations 
skin stimulation also produced a large and prolonged increase in muscle 
blood flow. This is illustrated in Fig. 10, which is taken from an experiment 
in which the gastrocnemius muscle was perfused by a donor cat and its 
participation in the reflex movements was prevented by tying the spinal 
cord below L6. Pseudaffective reactions, including muscle vasodilatation, 
frequently occurred in the absence of a specific stimulus: an effect on 
muscle blood flow of such a spontaneous reaction is also illustrated in 
Fig. 10. In three of the cats a simplified preparation was used in which 
changes of muscle blood flow were registered indirectly, using an external 
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yenous thermal recorder. In these preparations consistent pseudaffective _ 
nses were obtained for an hour or two and the muscle vasodilatation 
could then be shown to be abolished by small doses of atropine (Fig. 11). 


Atropine 


(a) (6) 
Fig. 11. High-decerebrate cat. Records of temperature of venous effluent from’ 
gastrocnemius muscle (upward defiexion signifies increase in venous outflow) and 
of arteriel blood pressure. Each scale division on temperature record indicates 
0-05° C. At signals, electrical stimulation of skin before (a) and after (b) intra- 
venous a of atropine (0-5 mg/kg). 


DISCUSSION 


Localization of the areas in the diencephalon and mesencephalon from 
which the cholinergic vasodilator fibres to skeletal muscle are activated 
has made it possible to draw several conclusions with regard to the 
organization of the integrated defence reaction in the brain stem. The 
hypothalamic area was seen to be strikingly similar to that defined by 
Hess, from which defence reactions are obtained in the conscious cat 
(Hess & Briigger, 1943). Indeed, stimulation by electrodes implanted in 
the ‘vasodilator’ area by means of the same parameters as those required 
for optimal vascular effects produced typical defence reactions ending in 
‘flight’ or ‘ fight’. Even under an anaesthetic electrical stimulation pro- 
duced all the features of the defence reaction which the preparation was 
capable of displaying. The pupillary dilatation, retraction of the nictitating 
membranes, pilo-erection and respiratory changes were almost always 
observed, and, if the anaesthesia was light, movements of the jaw, limbs © 
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and tail were also seen. It thus appears that the muscle vasodilatation 
produced by stimulation of the hypothalamic area is really part of the 
whole defence reaction, which is integrated in this region of the brain stem. 

Regions other than the hypothalamus were also found to possess this 
function. Active vasodilatation in muscle is produced by stimulating those 
parts of both the mid-brain tegmentum ventral to the colliculi and the 
central grey matter from which defence reactions are elicited in the 
‘ conscious animal (Spiegel et al. 1954; Hunsperger, 1956). It appears from 
our results that these three brain-stem areas merge into one another, and 
_ we have not found any major functional distinction between them. Some 
small differences in one or another of the effects obtained from them on 
electrical stimulation were observed, the most consistent being the much 
larger rises of blood pressure obtained from the mid-brain tegmentum 
than from the hypothalamus or central grey matter. These large pressor 
reactions preceded the changes in regional blood flow, and therefore appear 
to result from an increase in cardiac output. Such an increased cardiac 
output, together with the vasodilatation in skeletal muscle and the 
vasoconstriction in the intestine, are well known components of the 
cardiovascular response observed.during heavy muscular exercise, and 
can be understood as essential parts of the adjustments by which the 
circulatory system is prepared for the demands of sudden, severe muscular 
effort. Without this preparation, such exercise would rapidly entail a 
great increase in blood flow through all the muscles concerned, which 
would then have to be followed by widespread haemodynamic changes. 
It may therefore be of great advantage for the early period of such a 
response, if the vasodilatation, together with the circulatory adjustments 
necessary to maintain it, were to occur before the extensive muscular 
reactions have to take place. The pressor response obtained on stimulation 
of all these brain-stem areas (Kabat, Magoun & Ranson, 1935) would thus 
be seen, not as an event primarily concerned with regulation of arterial 
blood pressure, but as one feature of the defence reaction. 

When Lindgren (1955) first showed that muscle vasodilatation could be 
elicited from points in the mid-brain tegmentum ventral to the colliculi, 
he concluded that he was stimulating the vasodilator outflow from the 
hypothalamus. This conclusion was based on an experiment in which the 
vasodilator response to hypothalamic stimulation was abolished by 
extirpating the inferior and superior colliculi on the same side. In another 
experiment undercutting the superior colliculus on the same side, and 
removing a large part of the subjacent tegmentum, reduced the vasodilator 
- Tesponse to between a half and a third. In our experiments very small 
_ lesions in the mid-brain tegmentum often reduced the response to hypo- 
thalamic stimulation, when tested immediately after the lesion had been 
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made. However, a few minutes later the response was fully restored. This 
sensitivity to the acute effects of such lesions probably explains Lindgren’s 
results (1955). By contrast, we found that small lesions restricted to the 
area above the cerebral peduncles from which vasodilatation could be 
elicited, regularly and irreversibly abolished the response to hypothalamic 
stimulation. We conclude that the true vasodilator pathway lies in this 
peduncular region. To support this conclusion were the additional findings 


that stimulation of the peduncular vasodilator region under an anaesthetic 


produced very little in the way of associated autonomic responses, some- 
times only muscle vasodilatation with a small fall in blood pressure; and, 
éyen more striking, that in the conscious animal it never produced the 


- eo-ordinated defence reaction so characteristic of the other regions. 


This peduncular vasodilator pathway, though most clearly seen as a 
separate entity at the mid-brain level, is also discernible in the posterior 
hypothalamus at the level of the mammillary bodies. As the excitable zones 
for the defence reaction in the hypothalamus, central grey matter and 
mid-brain tegmentum all connect with this peduncular pathway, there is 
évery indication that this is the efferent pathway for the vasodilator 
component of the defence reaction. Thus our results support the hypo- 
thesis of a vasodilator pathway, although its course through the dience- 
phalon and mesencephalon is not located as Lindgren e¢ al. (1956) had 
thought. The more caudal extension of the pathway in the medulla was 
described by Lindgren & Uvniis (1953) as a narrow longitudinal band 


_ lying 3-4 mm from the mid line and 1-2 mm above the ventral surface 


of the brain stem, and this is probably a direct continuation of the pedun- 
cular pathway in the mid-brain. 

The pathway for the other cardiovascular effects and for the release of 
adrenaline and noradrenaline from the adrenals (Grant, Lindgren, Rosén 


_& Uvniis, 1958) which accompany the muscle vasodilatation, must be 
_ tlose to the vasodilator pathway; for all the cardiovascular effects of 


hypothalamic stimulation are abolished by the peduncular lesions. This 
result with such small lesions contrasts greatly with the finding of Magoun, 
Ranson & Hetherington (1938), who were unable to abolish the pressor — 
responses to stimulation in the lateral hypothalamic area by extensive 
lesions in the mid-brain tegmentum. They concluded that the efferent 
pathway for these vasomotor responses is diffused through the whole 
mid-brain tegmentum. Our results with lesions restricted to the peduncular 
region show that specific and well-defined pathways do exist. 

It is more than likely that the vasodilator points found in the anterior 
sigmoid gyrus and internal capsule (Eliasson et al. 1952) also connect 
directly with the peduncular pathway. This could provide the basis for 
activation of the same specific pattern of cardiovascular response in pre- 
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paration for any movement in which the sensori-motor cortex is involved, 
quite independently of the defence reaction. Indeed, Rushmer, Smith & 
Franklin (1959) have found that in conscious dogs electrical stimulation 
through an electrode implanted just dorsal to the peduncle, at the level 
of the mammillary bodies, produces a cardiovascular response similar to 
that of actual exercise without any external sign of distress. 

It has been known since the classical descriptions of Goltz (1892) that 
the chronically decorticate animal readily displays defence reactions. In 
Goltz’s dogs even quite trivial stimuli regularly and repeatedly produced 
a stereotyped pattern of aggressive behaviour, which was never modified 
as long as the animal lived. In other words, these behavioural reactions 
appeared as complex, co-ordinated reflexes. What Goltz (1892) could show 
in dogs, Bard & Rioch (1937) repeated in decorticate cats. ‘Fear’ and 
‘rage’ reactions were regularly obtained in four such preparations, in- 
cluding one in which the thalamus and striatum had been removed in 
addition to the neocortex. Many years earlier, however, the pseudaffective 
reflex had been described by Woodworth & Sherrington (1904). This 
reflex response, which shows many features of the defence reaction, was 
obtained on electrical stimulation of the sciatic nerve in cats acutely 
decerebrated at the pre-collicular level. The stereotyped nature of this 
response to nociceptive stimulation enabled Woodworth & Sherrington 
(1904) to use it to trace the spinal pathways for pain. Their level of 
decerebration will have spared the mesencephalic section of the integrative 
region for the defence reaction and perhaps the posterior part of the 
diencephalic section. In our experiments, in the attempt to spare as 
much as possible of the whole brain-stem region, decerebration, though 
started at the same pre-collicular level, was extended further rostrally 
as the line of section approached the base of the brain. Sciatic nerve 
stimulation in such preparations produced more features of the defence 
reaction than were seen by Woodworth & Sherrington (1904). Moreover, 
we obtained evidence of active muscle vasodilatation which could be 
abolished by atropine. This is a direct demonstration that the muscle 
vasodilatation is an integral part of the whole co-ordinated defence 
reaction. 

All these results lead us to conclude that the regions in the diencephalon 
and mesencephalon in which the response is integrated may be regarded, 
together, as the reflex centre for the reaction. The centre for the defence 
reflex would thus extend further caudally than was indicated by Bard’s 
(1928) original decerebration experiments, which seemed to place it in 
the hypothalamus alone. It probably extends even into the pons; for 
Keller (1932) obtained typical ‘rage’ reactions in response to mild stimuli, 
such as pulling the skin of the back, in cats chronically decerebrated just 
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rostral to the beginning of the pons; and Bard & Macht (1958) obtained 
many features of the defence reaction in response to electrical stimulation 
of the tail, even when decerebration was carried out so far caudally as to 
remove the rostral part of the pons. 

~ Tt is known that all the sensory systems have extensive connexions with 
the mesencephalic region in which we find part of the defence centre to be 
situated (Dell, 1952; French, Verzeano & Magoun, 1953). Evidence is 
accumulating that the undifferentiated grey matter of the hypothalamus 
should be regarded as a forward extension of this region. Of particular 
relevance is the recent demonstration by Nauta & Kuypers (1958) that 
fibres originating in the central grey matter and adjacent mid-brain 
tegmentum, which correspond to the more caudal part of the defence 
centre, project to the paramedian region of the hypothalamus and pre- 
optic area, which correspond to the more rostral part. It is therefore not 
_ surprising that electrophysiological techniques have shown sensory pro- 
jections ascending not only to the sub-thalamic region of the diencephalon 
(Starzl, Taylor & Magoun, 1951; French, von Amerongen & Magoun, 1952), 
but also the hypothalamus itself (Ingvar & Hunter, 1955; Feldman, 
_ Van der Heide & Porter, 1959). Abrahams, Hilton & Malcolm (1959) have 
found that evoked potentials can be recorded in the cat in all parts of the 
defence centre in response to cutaneous stimulation. Responses to light 
flashes are almost as extensively found, and responses to clicks a little less 
so. In nature the full defence reaction is readily produced by nociceptive 
stimuli; but a sudden, strong stimulus of any modality will first evoke 
the alerting, or orientation reaction, which may develop into the full 
defence reaction if stimulation is sufficiently intense, and this is just the 
_ sequence of events seen on direct electrical stimulation of the defence 
centre. Hence the anatomical and electro-physiological evidence is in 
complete accord with the concepts put forward of a high-level centre for 
a complex behavioural reflex, elicited most readily by noxious stimuli 
but capable of reflex initiation by stimuli of all modalities. It is striking 
that the defence centre occupies such a large part of what has become 
known as the reticular activating system; for this emphasizes once again 
that, far from being merely a diffuse, non-specific system, a large part of © 
this region of the mesencephalon and diencephalon has specific functions 
in the normal, unanaesthetized animal. 9 


SUMMARY 
1. In anaesthetized cats regions have been mapped in the hypothalamus, 


-Mesencephalic tegmentum and central grey matter from which active, 
atropine-sensitive muscle vasodilatation is elicited on electrical stimulation. 
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2. These three brain-stem regions are not merely ‘vasodilator’ areas, 
for the muscle vasodilatation is accompanied by other autonomic effects 


including a rise in arterial blood pressure, vasoconstriction in skin and 


intestine, pupil dilatation, retraction of the nictitating membranes and 
pilo-erection, by respiratory changes and movements of the jaw, limbs 
and tail. : 

3. Stimulation of all three brain-stem regions in the conscious cat 
through implanted electrodes produces co-ordinated defence reactions. 
It is concluded that the muscle vasodilatation is one component of the 
integrated response. 

4, An additional, restricted region has been located just dorsal to the 
cerebral peduncles, stimulation of which produces active muscle vasodilata- 
tion in anaesthetized cats, and, in conscious cats, single or unorganized 
movements. 

5. Lesions in the region dorsal to the cerebral peduncles abolish the 
vasodilator response to hypothalamic stimulation. It is concluded that 
the pathway for muscle vasodilatation runs in this peduncular region. 

6. In the high-decerebrate cat, cutaneous stimulation reflexly produces 
many of the features of the defence reaction, including active muscle 
vasodilatation. It is concluded that the regions of the hypothalamus, 
mesencephalic tegmentum and central grey matter function as reflex 
centres for the co-ordinated autonomic and behavioural responses that 
comprise the defence reaction. 
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A detailed study has recently been made (Bishop & Evans, 1956; 
Bishop & Davis, 1960) of the recovery cycle of the sensory synapses in the 
lateral geniculate nucleus extending from absolute refractoriness till 
5sec after the discharge of the geniculate neurones. Following their 
discharge by an orthodromic volley, these neurones respond normally as 
soon as conduction becomes possible in the presynaptic fibres and, for 
a brief period while the presynaptic fibres are still recovering from re- 
fractoriness, they pass through a phase of relatively supernormal re- 
sponsiveness. At shock intervals between about 3 and 6-7 msec the 
geniculate neurones pass through a phase of true supernormality, to be 
followed in turn by a deep and prolonged subnormality from which re- 
covery is not complete until 2 sec have elapsed. In view of the well-known 
relationship which exists between the recovery cycle of peripheral axons 
and their after-potentials (Erlanger & Gasser, 1937) it was natural that we 
should attempt to record the after-potentials of the geniculate neurones 
and to examine the extent to which the recovery cycle of the geniculate 
synapses can be correlated with them. The morphological arrangement 
of the dendrites, cell bodies and axons of the principal cells in the lateral 
geniculate nucleus provides a favourable situation both for recording these 
after-potentials and for assigning electrical activity to histological struc- 
' ture. Vastola’s earlier investigations (1957, 1959) of the after-potentials 
of geniculate neurones were largely concerned with antidromic activation. 
The present report is principally concerned with the after-potentials 
generated by orthodromic volleys, although antidromic activation has 

also been employed. : 

The ability to block transmission at junctional regions has for long been 
a powerful technique for studying synaptic mechanisms. In relation to 
the synapses in the lateral geniculate nucleus two new blocking techniques 
have recently become available, namely the use of the drug p-lysergic 
acid diethylamide (LSD) (Evarts, Landau, Freygang & Marshall, 1955; 
Bishop, Field, Hennessy & Smith, 1958; Bishop, Burke & Hayhow, 19596) 
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and the phenomenon of post-tetanic delayed depression (Hughes, Evarts 
& Marshall, 1956; Evarts & Hughes, 1957a, 6; Bishop, Burke & Hayhow, 
1959a). When the synapses are blocked by these means the post-synaptic. 
potentials produced by orthodromic volleys are strikingly similar to the 
“ after-potentials generated by the same neurones when normal synaptic 
transmission occurs and post-synaptic spikes are discharged. A detailed 
study was therefore made of the geniculate synaptic potentials produced 
under conditions of synaptic block, and this is now reported. The relatively 
small changes that take place in the synaptic potentials when normal 
synaptic transmission again becomes possible leads to the idea that the 
after-potentials as recorded have in them a very important component 
which is derived from the continued presence of the synaptic depolariza- 
tion on parts of the neurone (i.e. dendrites) either subjected to prolonged 
action by the transmitter substance or possibly not normally invaded by 
the spike process. The available data relating to the synaptic potentials 
and after-potentials of spinal motoneurones will be reviewed from this 
point of view. Rae: 

__ In this paper we also examined the relationship between the synaptic 
potentials and after-potentials of geniculate neurones and the spontaneous 
thythmic potentials that may be recorded in the nucleus. Our results are 
interpreted as indicating that the spontaneous waves represent rhythmic 
fluctuations or the membrane potential of the dendrites and possibly the 
cell bodies of geniculate neurones. These apparently arise as a result of 
mechanisms intrinsic to the dendrites themselves although they can also 
be triggered off or modified both by orthodromic and antidromic volleys. 


METHODS 


Adult cats were anaesthetized with intraperitoneal allobarbitone solution (100 mg/ml., 
0-5 ml./kg; Dial, Ciba) supplemented if necessary (usually at the onset) by the intravenous 
administration of small amounts (to a total of 0-3 ml., unless otherwise stated) of sodium 
pentobarbitone solution (64 mg/ml.; Sagatal, May and Baker). In most of the experiments 
the animals were also paralysed with gallamine triethiodide (Flaxedil, May and Baker, 
8 mg intravenously at half-hourly intervals), in order to eliminate potentials of muscular 
origin, which can seriously distort the slower geniculate wave forms. Respiration was main- 
tained by means of a pump. The body temperature was controlled with the aid of an electric 
heating blanket. The general methods used were the same as those described in previous 
papers from this laboratory (cf. particularly Bishop, Jeremy & Lance, 1953). After resec- 
tion of the eyeball the optic nerve was suspended clear of orbital tissue. The optic nerve was 
stimulated electrically and the responses in and about the opposite lateral geniculate body 
were recorded by means of a stereotaxically directed steel micro-electrode introduced down 
through the intact cerebral cortex. All the potentials were recorded extracellularly between 
the micro-electrode and an ‘indifferent’ electrode inserted into the occipital muscles. 

Steel micro-electrodes are subject to slow drifts in potential due to polarization effects, 
though these are minimized by the high-impedance input stage of our amplifiers. A control 
experiment, however, with the glass micro-pipette type of electrode, showed that the form 
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and time course of the slow geniculate wave forms were the same with either method. In 
the earlier experiments the uninsulated tips of the steel micro-electrodes were coated with 
platinum black, but this was discontinued when it was shown that the wave forms were 
not changed by its use. The deposition of platinum black is, however, a useful method for 
determining the extent of the uninsulated tip of the micro-electrode. The steel micro. 
electrodes were preferred because they are more convenient for stereotaxic use, they have 
a low resistance and the recording site can be easily labelled for subsequent histological 
identification by the electrolytic deposition of iron. Glass micropipette electrodes offered 
no advantage, because the geniculate responses were always recorded against a background 
of biologically generated ‘spontaneous’ slow waves of potential, which completely mask 
any polarization effects. These base-line fluctuations were offset by recording and measuring 
large numbers of traces. One stage of condenser-coupling was used in the amplifiers, but 
the time constant chosen was always shown to be adequate by recording the responses with 
a still longer time constant. 

The geniculate neurones were activated antidromically by embedding a bank of 12 steel 
micro-electrodes in the gyrus lateralis of the cerebral cortex. These stimulating electrodes, 
similar to those used for recording, were arranged in two parallel rows of six each, with the 
rows 2mm apart and the individual electrodes in a row also 2mm apart. The rows were 
positioned along the gyrus with the centre of the bank at approximate Horsley—Clarke 
co-ordinates of 3-5 mm lateral and 7:5 mm anterior and the tips of the electrodes 3-4 mm 
below the surface of the cortex among the terminating optic radiation axons. The recording 
electrode was usually located in the anterior half of the lateral geniculate body and histo- 
logical studies in this laboratory (W. R. Hayow & C. Webb, unpublished) have shown that 
the stimulating electrodes were placed in a part of the cortex to which this portion of the 
geniculate projects (cf. Doty, 1958). Any combination of six pairs of stimulating electrodes 
could be chosen by means of six switches and, by trial and error, the combination was found 
which gave a large response with the least distortion due to stimulus escape. The stimulus 
artifact was further reduced by means of a balancing circuit. 

In the experiments with p-lysergic acid diethylamide (LSD-25, Sandoz) the drug was 
introduced in the carotid stream by retrograde injection into the lingual artery. For details 
of the method see Bishop, Field, Hennessy & Smith (1958). 


RESULTS 


The details of the notation used to describe the various geniculate 
potentials are given in earlier publications from this laboratory (cf. Bishop 


& Evans, 1956). The two optic tract spikes and their corresponding post- 


synaptic spikes are designated ¢, and ¢, and r, and rz, respectively. The 
corresponding synaptic potentials are s, and s, respectively and further 
subscripts of r (73, 74, etc.) are used to refer to the repetitive waves (Fig. 1, a) 
that frequently follow the r, spike (Bishop, Jeremy & McLeod, 1953). 
The recording sites were usually situated in the anterior portion of the 
— geniculate body and the crossed optic pathway was nearly always 

In determining the duration of the various slow post-synaptic potentials 
it has already been pointed out (see Methods) that the major source of 
error is due to interference from the background of ‘spontaneous’ slow 
waves of electrical activity. This may be largely offset by measuring a 
sufficiently large number of records. There are, however, other difficulties, 
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both theoretical and practical. When the afferent volley is restricted to t, 
fibres, the commencement of post-synaptic activity is clearly defined and — 
there is therefore no difficulty with respect to the time of onset of potentials 
which are subliminal for a propagated response (synaptic potential (s,), 
Fig. 5, a). The time of onset of the after-potentials which follow the propa- 
gated spike is however rather indefinite. Furthermore, both the synaptic 


Fig. 1. Responses recorded in the lateral geniculate nucleus (L.G.) and in the 
optic radiation (O.R.) following single shocks applied to the contralateral optic 
nerve. ¢,, presynaptic spike; r,, post-synaptic spikes. Submaxima] shock 
is 65% maximal for ¢,. Maximal shock is maximal for whole optic nerve (t, and ¢,). 
Numerals associated with traces e and f indicate how the time course of the after- 
potentials was measured. Time scale ¢ refers to traces a, c, e and g, and time scale j, 

, to traces 6, d, f and h. Upward deflexions in this and subsequent records indicate 
negativity of micro-electrode. 


“ potentials and the after-potentials associated with ¢, volleys are of such 
alow amplitude that their subsequent time course is also rather uncertain. 
Increasing the stimulus strength to include ¢, fibres increases the amplitude 
of the slow post-synaptic potentials, making them much easier to measure, 
but at the same time distorting their time course because of the later onset 
of the post-synaptic activity associated with the more slowly conducting 
group of afferent fibres. The times of onset of these later-arising potentials 
are also much more uncertain, not only because they are superimposed on 
potentials generated by the ¢, volley but also because the wave forms - 
themselves may be difficult to interpret. This is particularly the case 
when the recording site is near the anterior pole of the lateral geniculate 


Hucleus (Fig. 1, e). Although not many ¢, fibres project to the anterior 
34 PHYSIO.. CLIV 
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portion, those that do are among the fastest of the ¢, group, so that t, 
and r, spikes may be practically synchronous. 

Because of these uncertainties measurements were usually made both 
with submaximal (¢, only) and maximal optic nerve shocks. For practical 
purposes it was decided to make all measurements with respect to the 
stimulus artifact and subsequently to subtract the appropriate latency to 
arrive at the correct time course. It was decided also to regard the after- 
potentials as commencing at the same time as the synaptic potentials, 
i.e. before the spike potential in each case. With at, volley the mean latency 
of the s, potential was 1-14 msec, but when the shock strength became 
maximal this latency shortened to 1-05 msec. With increasing shock 
strength the stimulating current spreads more proximally, so that the 
latency of the ¢, volley decreases from about 0-85 to 0-75 msec. The mean 
latency of the f, post-synaptic activity was 2-22 msec, corresponding to a 
t, volley latency of about 1-7 msec. In order to arrive at the correct time 
course for the synaptic potentials and after-potentials associated with a 
maximal optic nerve volley it was decided to subtract 1-6 msec from the 
measured values in each case, this being the mean of the latencies of the 
t, and ¢, post-synaptic potentials (i.e. 1-14 and 2-22 msec respectively). 

In summary, therefore, all measurements were made with respect to 
the stimulus artifact and either 1-1 or 1-6 msec was subtracted, depending 
upon whether the stimulus was submaximal or maximal. This correction 
is, of course, only of significance in respect to the first 10-20 msec of 
post-synaptic activity. No systematic attempt was made to measure the 
amplitudes of the potentials. 


After-potentials in lateral geniculate body 

Systematic recordings were made in the nucleus at thirteen sites in 
eleven preparations. Responses to maximal optic nerve shocks were 
obtained in every case and, at seven of the recording sites, submaximal 
shocks were also used. Typical wave forms (labelled L.G.) are shown in 
Fig. 1; a and 6 are due to a submaximal shock and e and f to a maximal 
shock. The submaximal shock was, in this instance, about 65% maximal 
for t,. The after-potentials are seen to consist of a sequence of oscillations 
of potential, initially negative. These oscillations may continue for half 
a second or more (Fig. 8) until they gradually become indistinguishable 
from the slow waves of the background activity. The times of the significant 
features in the course of the after-potentials (and also the synaptic 
potentials, see below) have been measured at the times indicated by the 
numerals in Fig. 1, namely: (1), at the end of the first negative potential ; 
(2), at the maximum amplitude of the first positive wave; (3), at the end of 
the first positive wave and (4), at the peak of the late negative wave (see 


~ 
ah 
OL 
if; 
If 
q 
i 
&. 
ti 
i 


SYNAPTIC POTENTIALS AND AFTER-POTENTIALS 519 


Tables 1-3). It was usual to record the wave forms at the two time-base 
durations of approximately 30 and 170 msec respectively so that the first 
and later portions of the response could be measured accurately. Each 
response was recorded between 10 and 50 times, the stimuli being applied 
at intervals. — 

The small repetitive waves (r5, 7,, Fig. 1, a) peokianues upon the first 
negative after-potential are due to the approximately synchronous re- 
petitive firing of a considerable number of geniculate neurones (Bishop 
dal. 1953). While repetitive firing is a constant feature of the geniculate 
response, particularly in relation to the large fibres at low levels of stimu- 
lation, it is not usually so prominent as that shown in Fig. 1. These repeti- 
tive waves are nearly always sharply limited to the duration of the first 
negative after-potential, and it is obviously difficult to decide how much 
of the latter is true after-potential process and how much of it is due to © 
summed asynchronous repetitive firing. The repetitive firing may be 
obscured or possibly eliminated when large stimulating shocks are used 
(Fig. 1, e). The relationship of the repetitive firing to the negative after- 
potential is shown more clearly in Fig. 2. Trace a, which is due to a shock 
submaximal for ¢,, has been obtained on one preparation, and b and c from 
another preparation. In the latter instance maximal stimulation was 
used, the traces being recorded successively at the same site at different 
time-base sweep speeds. The repetitive firing stops sbruptly in every case 
as the trace goes positive. The relationship of repetitive firing to the slow 
negative potentials that may be recorded from the region of cell bodies 
has been observed by several investigators (e.g. Baumgarten & Jung, 
1952; Tasaki, Polley & Orrego, 1954; Li, Cullen & Jasper, 1956). Strong 
support for the view that the slow negative potentials in the lateral 
geniculate nucleus act as a generator potential for the repetitive firing 
has been provided by single-unit studies in this laboratory (P. O. Bishop, 
_W. Burke & R. Davis, unpublished). 

The negative after-potential associated with a ¢, volley is usually not 
very prominent and may be obscured at its onset by a transient reversal 
_ of current flow that follows the discharge of the 7, spike as the dendritic- 
cell body membrane becomes a source of current for the spike in the axon. 
By the time that the negative after-potential can again be recorded it may 
then be of very low amplitude. It is to be expected that increasing the 
shock strength would increase the amplitude of the after-potentials without 
‘Very significantly altering their time course. Inspection of Fig. 1 and 
Table 1 shows that thisis the case. The first negative after-potential has 
4 duration slightly over 7 msec. The subsequent positive after-potential 
has a sharp decline to a maximum positivity at about 22 msec, thereafter 


returning rather more slowly to the base line at about 80 msec. The positive 
34-2 
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after-potential is devoid of any evidence of repetitive firing. The late 
negative wave is usually more symmetrical in form, having a peak soon 
after about 100 msec (see below). Associated with this peak there is 
frequently a repetitive discharge of geniculate neurones, seen as unit 
spikes in Fig. 8, 6, c. While the late negative wave was present in every 
experiment it was not always prominent. The subsequent oscillations of 
potential are difficult to distinguish from background activity. It should 
be stressed that occasionally the positive after-potential failed to regain 
the base line and occasionally also the tracing, although it crossed the 
base line, had not achieved a late peak of negativity by the time it reached 


TasBie 1. Duration of after-potentials (msec) 
(a) Recording in lateral geniculate nucleus 


No. of 
Afferent recording 
volley sites = 2 3 4 
ty 7 7-0 (4-1-12-3) 25 (21-37) 70t (51-96) (89-119) 


t, and ¢, 13. (4-2-9-8) 22 (10—30) (49-116) 100+ (75-160) 
_ (6) Recording in optic radiation 


No. of 
Afferent recording 
volley sites 2 3 4 
ty 2° 71 24 (17-31) 80t (64-91) (84—102) 
t, and 6 8-6 (7-1-10-9) 33 (18-41) 90T 1007 (88-116) 


The values given are mean values, the range of variation being given in parentheses. 


* These numerals refer to the labelled wave forms in Fig. 1. + These figures are under- 


estimates to the extent that certain records have been neglected (for explanation see text). 


the edge of the cathode-ray tube screen. In arriving at the mean figures 


given above and in the preparation of the various tables these records 
were neglected. For this reason certain values in the tables have been 
labelled as approximate. The peak of the late negative wave therefore 
occurs somewhat later than the value of 100 msec given above. 

There is probably no subliminal fringe associated with a maximal optic 
nerve volley, and the subliminal fringe associated with a submaximal 1, 
volley is quite small (Bishop & Davis, 1960). The potentials described 
above can, therefore, be regarded as being generated in neurones all of 


which have been brought to discharge by the afferent volley. 


| After-potentials recorded in optic radiation 
The cells in the lateral geniculate nucleus are arranged in sharply 
defined and fairly closely packed layers, and the axons issue from the 
dorsal surface, proceeding upwards to the cerebral cortex. At the upper 
surface of the nucleus, therefore, the axons above are fairly sharply 
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separated from the cellular elements of the nucleus below. The potential 
fields in the nucleus will be determined very largely by currents flowing 
into or out of dendrites and cell bodies, though the fields will be modified 
by the presence of the initial portions of the optic radiation axons among 
their cells of origin. Above the nucleus, on the other hand, the flows of 
current will be associated only with axons. A study of the distribution 
of the flows of current associated with such a favourable histological 
arrangement provides valuable clues to the nature of the after-potentials 
and the structures responsible for their production. Bishop (1953) and 
Bishop & McLeod (1954) have already made a study of the distribution 
ofsynaptic currents, particularly in relation to blocked geniculate synapses, 
during the first 5-10 msec after the arrival of the afferent volley. Vastola 
(1957, 1959) has also carried out similar investigations in relation to the 
slow after-potentials following both orthodromic and antidromic activa- 
tion. An earlier report (Bishop, Burke, Davis & Hayhow, 1958) and the 


- qesults reported here amplify and extend these investigations. 


After-potentials were systematically recorded at six sites in five pre- 
parations about 1 mm above the dorsal surface of the nucleus, and with 
both submaximal and maximal optic nerve shocks. The records (labelled 
0.R.) shown at c, d, g and h in Fig. 1 are fairly typical, the submaximal 
shock being again 65°, maximal for ¢,. These records were actually 
obtained about 4 hr after traces a, b, e and f in Fig. 5, when the synapses 
had recovered from block caused by the drug LSD (for details see below). 
The presynaptic volley is now recorded as an entirely positive spike and 
the post-synaptic spike is here a low-amplitude initially-positive triphasic 
response. Except for the reversal in polarity, the after-potentials are very 
similar in form and time course to those recorded in the nucleus. They are, 


“however, of lower amplitude and it was usually only possible to make 
satisfactory measurements when maximal optic nerve shocks were used. — 


The times of occurrence of significant features of the wave forms, measured 
in the same way as in the case of the intra-nuclear responses, are given 
in Table 1 (b). The initial slow positive wave has a mean duration of 
86 msec. The subsequent slow negative wave reaches a peak at about 
33 msec and declines to the base line again at about 90 msec. The latter 
time and the late positive wave that followed were very variable and . 
difficult to measure. Not infrequently the negative wave failed to regain 
the base line and the late positive wave was in fact only positive-going 
and not actually positive. 

‘It has already been noted that, in the nucleus, repetitive spikes were 
superimposed on the initial negative after-potential and that unit spikes 
Were also frequently recorded on the late negative wave. In the optic 


tadiation these are again recorded but this time superimposed upon and 
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generally confined to the corresponding positive waves. The initial positive 
wave in response (c) of Fig. 1 is largely obscured by a train of repetitive 
spikes which is no longer evident when the optic nerve shock becomes 
maximal (Fig. 1, g). There can be little doubt that the repetitive waves in 
Fig. 1, c represent the nearly synchronous repetitive firing of single optic 
radiation axons, because we have recorded repetitive firing of this kind 
from single radiation axons with micropipette electrodes having tip 
diameters of 0-5, or less. The repetitive firing described above is very 
similar to the recurrent efferent discharge that may occur in a few motor 
axons following antidromic impulses in the same axons (Renshaw, 1941). 
This discharge is again limited to the slow negative phase of the antidromic 
potentials (Brooks, Downman & Eccles, 1950a). 

As the micro-electrode is inserted down through the optie radiation into 
the lateral geniculate nucleus the after-potentials must at some stage 
reverse their polarity. A detailed study of this change in polarity was 
made in a number of preparations by recording the after-potentials at 
successive small intervals, both as the micro-electrode was inserted down- | 
wards into the nucleus and also on its withdrawal. The records shown in 
Fig. 3A were selected from such a series. At level (0) the trace is virtually 
isopotential throughout the time when after-potentials are recorded at 
sites above and below this level. In five recording series in four prepara- 
tions this reversal level occurred at a mean depth of 12-0 mm from the 
surface of the cerebral cortex, but for descriptive purposes the reversal 
level will be regarded as zero. Thus the numerals in Fig. 3A indicate 
recording sites in millimetres above and below this level. The reversal 
point was necessarily somewhat arbitrary, since it was taken to be that 
level at which the oscillograph trace was most nearly isopotential taking 
into account interference from background activity. Approaching from 
above, the after-potentials appear between 2 and 3 mm above zero and 
increase in voltage until the slow negative wave reaches a maximum 
amplitude at a mean level of 0:9 mm above. Thereafter the potentials decline 
until zero level is reached. Just below this a low-amplitude slow positive 
wave appears which has an abrupt onset immediately after the end of the 
spike potential. On penetrating more deeply a small negative-going hump 
appears on the positive wave 6-8 msec after the start of post-synaptic 
activity ; the hump grows in amplitude, helping to fill out and make nega- 
tive the earliest portion of the positive wave at depths between 0-2 and 
0-55 mm below zero. The after-potentials, negative and positive, thereafter 
grow in amplitude so that the positive wave reaches a maximum amplitude 
at a mean level of 1-2mm below. On going deeper the amplitudes 
gradually diminish, again without change in form. 

Although the pattern described above was usually observed, very 
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oceasionally the small negative-going hump was observed at levels at and 
even above zero. In the centre trace of Fig. 44, which was regarded as 
zero level, a very small negative hump can be observed immediately after 


3B 3A 


Fig. 2. Repetitive firing of geniculate neurones in relation to the negative after- 
potential. a, response following a single shock to the contralateral optic nerve 
which was submaximal for t,; b and c, responses in another preparation following 
single shocks which were close to maximal for ¢, and ¢,. 


Fig. 3. A. Responses following single shocks applied to the contralateral optic nerve 
recorded, at distances indicated in mm, above and below the locus at which the 
trace labelled 0 was obtained. B. Outline drawing of a parasagittal section of 
the lateral geniculate nucleus showing recording site (@) used to obtain record 
—— 0 in Fig. 3.4; arrows indicate horizontal and vertical Horsley—Clarke 
planes. 
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the spike potentials. Rarely a similar but still negative-going hump has 
been recorded at levels above zero, where it appears on the initial positive 
wave. The significance of the negative-going hump and its relation to the 
negative after-potential is not clear. It is possibly due to a late post- 
synaptic propagated discharge from the lateral geniculate nucleus. 

It was clearly important to determine the precise histological location 
of the tip of the micro-electrode at zero level and this was done by labelling 
the recording site with electrolytically deposited iron. Due allowance 
for slow-wave background activity is fairly readily made if the sequence 
of cathode-ray tube photographs is available for study. This was obviously 
not practicable and judgement concerning the location of the zero level 
had to be made by observing the cathode-ray tube screen at the time of the 
actual recording. Despite this uncertainty, the labelled sites were all very 
close to the upper surface of the lateral geniculate nucleus. The location 
of the zero level for the series in Fig. 3.4 is shown as a filled circle in the 
parasagittal outline drawing of the lateral geniculate body (Fig. 38). 
Because of the larger amplitude of the after-potentials maximum stimula- 
tion was always used to locate the zero level. In one experiment a bank 
of three micro-electrodes was assembled with the shafts, 1 mm apart, in 


‘parallel array and the tips offset in depth, again 1 mm apart. The bank 


was gradually inserted vertically down through the cortex, with the plane 
of the electrodes parallel to the Horsley—Clarke anteroposterior plane, 
until the central electrode was judged to be at zero level. A series of 
recordings were then taken from the three electrodes (Fig. 4A) and then 
each site was labelled with iron. The labelled sites are shown in the micro- 
photograph (Fig. 4B) of a parasagittal section through the nucleus. The 
zero level is again at the upper surface of the cellular layers. 

It is interesting to observe that at about the zero level the traces nearly 
always showed much greater evidence of unit activity and repetitive 
firing. Although the electrodes used were not suitable for unit recording, 
increased unit activity round the zero level is clearly evident in the traces 
in Fig. 3A and 44, occurring along the whole length of the traces. 


Synaptic potentials 

Bishop & McLeod (1954) studied the synaptic potentials that may be 
recorded in and about the lateral geniculate body when synaptic trans- 
mission has been blocked. They showed that the synaptic potential pro- 
duced by a #, volley is recorded as a negative wave in the nucleus, reversing 
to a positive wave when the recording site is in the optic radiation above 
the nucleus. Particular attention was given to the level of reversal of this 
potential which, in the case of a contralateral volley, was shown to be at, 
or very close to, the upper surface of the nucleus. At that time also it 
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| was noted that the synaptic potential was followed by a prolonged after- 
positivity which was recorded as an after-negativity in the optic radiation. 
Further observations in this laboratory while studying the blocking action 


Fig. 4. A, Responses following single maximal shocks applied to the contralatera 
optic nerve and obtained by inserting three micro-electrodes simultaneously into the 
region of the lateral geniculate nucleus. O.R., optic radiation; L.G.D., lateral 
geniculate nucleus. B. Microphotograph of a parasagittal section through the 
lateral geniculate nucleus (Nissl stain). The recording sites used to obtain the 


records in Fig. 4.A are indicated by the three ‘blue’ spots. Scale, 1 mm. 


> 
| 
? 
1 
ay 
7 
“AY 
‘ ite 
a 
i 
4 on 
in 
¥ 
3 
¢ a 
it 
van 
\3 
a 
7 
‘ 
— 
‘ 


526 _ P.O, BISHOP AND R. DAVIS 


both of drugs and of prolonged repetitive stimulation confirmed these 
earlier findings, and the striking resemblance, both in respect to form and 
time course, between the synaptic potential and after-potentials as de- 
scribed above prompted a more detailed study of the synaptic potentials, 
particularly in respect to their later time course. 

Bishop & McLeod (1954) used three different methods to obtain a 
synaptic block, namely asphyxia, deep pentobarbital anaesthesia and 
repetitive stimulation. The first two methods were clearly unsatisfactory. 
The last method, which entailed placing a test volley about 15 msec after 
a conditioning tetanus of 3-5 volleys at about 300/sec, is also unsatis- 
factory from the point of view of studying the form and time course of 
the synaptic potentials because they are superimposed upon and distorted 
by the after-potentials following the conditioning tetanus. Since then two 
further techniques have become available for producing a synaptic block 
in the lateral geniculate nucleus, namely the action of the drug p-lysergic 
acid diethylamide (LSD) (Evarts e¢ al. 1955; Bishop, Burke & Davis, 
1958; Bishop e¢ al. 19596) and the phenomenon of post-tetanic delayed 
depression (Hughes e¢ al. 1956; Evarts & Hughes, 1957a, 6; Bishop et al. 
1959a). Both of these methods have the advantage that the post-synaptic 
neurone is probably not affected to any extent by the blocking action. 
LSD probably blocks synaptic transmission by competitive antagonism 
to the normal transmitter and the phenomenon of post-tetanic delayed 
depression is probably due to presynaptic changes. In studying the 
synaptic potentials produced by these means, two criteria were used to 
decide when synaptic transmission was blocked, namely, the absence of 
any spike-like discharges on the post-synaptic wave form and the absence 
of any cortical response. The cortical response was first sampled at a 
_ number of places and the site chosen for the monitor electrode was 
always the one which gave the maximal response. The cortical response 
was then used as a continuous monitor of the level of the geniculate 
block. 

Although about 100 ng LSD injected into the carotid artery will normally 
block transmission through the lateral geniculate nucleus, recovery com- 
mences almost immediately. It was, in fact, difficult to maintain a com- 
plete block for the time necessary to take a sufficiently large number of 
records, and even with the much larger doses that were actually used 
(500 wg repeated at intervals of 10-20 min) the block was usually rather 
uneven. On the other hand, the phenomenon of post-tetanic delayed 
depression produces a very stable and prolonged block in transmission. 
This depression is produced. by tetanic stimulation of the optic nerve for 
15 sec using maximal stimuli at about 400/sec. Following the tetanus the 
geniculate response is depressed for a few seconds, may then be larger than 
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normal (1-2 min), and finally is markedly reduced, and a complete block 


“may remain for a period lasting hours. 


In a number of preparations the attempt was made to compare the 
after-potentials and the synaptic potentials by recording them both at the 
same locus, in the nucleus on the one hand and in the radiation on. the 
other. As full recovery from a large dose of LSD may take several hours 
and the effects of tetanic stimulation are even more prolonged, it was not 


_ possible to take all the recordings at only two sites, the first in the nucleus 


and the second in the radiation. Figures 1 (a—h), 5 (a-h) and 6 (g-j), which 
were all taken from the one preparation, illustrate the procedure that was 
adopted. Records a, 6, e and f in Fig. 1 were first obtained in the nucleus 


Fig. 5. Responses recorded in the lateral geniculate nucleus (L.G.) and in the optic 
radiation (O.R.) following single submaximal and maximal shocks applied to the 
contralateral optic nerve during LSD synaptic block. Same preparation and similar __ 
recording conditions as those used to obtain records in Fig. 1. 4, presynaptic 
spike; 8,, synaptic potential. Records arranged as in Fig. 1. For details see text. 


by using two strengths of stimulation which were thereafter kept constant 
throughout the experiment. The synapses were then completely blocked 
with repeated injections of LSD and the records a, b, e and f in Fig. 5 
taken. About 4 hr later, when recovery from the drug was complete, the 
electrode was moved up into the optic radiation and records c, d, g and h 
in Fig. 1 were taken. Further amounts of LSD were then injected and 
records c, d, g and h in Fig. 5 were obtained during the height of synaptic 


block. Following partial recovery from the drug, a 15 sec tetanus was 


delivered to the optic nerve and, when complete synaptic block had been 
te-established, records were again taken at the radiation site (¢ and ), 
Fig. 6). The electrode was then returned to the nucleus as near as possible 
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to the site used to obtain the earlier geniculate responses and the records 
g and h of Fig. 6 were taken. Thus records g and h of Fig. 6 are not strictly 
comparable with the earlier geniculate records, though they are closely 
similar to them. It is interesting to note that after all these procedures in 
this experiment, a 10 min tetanus to the optic nerve, as is usual, restored 
the geniculate response to normal (cf. Evarts & Hughes, 19575; Bishop 
et al. 19596). The other traces in Fig. 6, taken from another preparation, 
also show the responses to maximal afferent volleys during post-tetanic 
delayed depression, in the nucleus (a and 6) and in the radiation (c and d) 
respectively. 


Fig. 6. Responses recorded in the lateral geniculate nucleus (L.G.) and in the 
optic radiation (O.R.) following single maximal shocks applied to the contralateral 
optic nerve during synaptic block obtained by post-tetanic delayed depression. 
Records g, h, 1 and j were obtained from the same preparation and under similar 
recording conditions as those of Fig. 1. Records a, b, c and d were obtained from 
another preparation. Each time scale refers to the two traces immediately above. 
For details see text. 


The synaptic potentials found in both kinds of block were measured in 
the same way as the after-potentials and the results were pooled to produce 
Table 2. It can be seen that there is again relatively little difference be- 
tween the responses due to volleys submaximal for ¢,, and maximal nerve 
volleys. The initial negative wave has a duration of about 12 msec, the 
succeeding positivity reaches its maximum at about 25 msec, the base 


line is recrossed soon after 60 msec and the late negative wave has a 
peak at about 100 msec. Insufficient recordings have been made in the 
optic radiation for a satisfactory comparison between the time course of 
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the synaptic potentials in that site and in the nucleus. Except for the 


reversal in polarity the potentials are however very similar. The after- 
potentials and synaptic potentials recorded at the same locus are compared 
in Table 3. The initial negativity of the synaptic potential in both forms 
of block lasted consistently longer than the corresponding negativity of 


TABLE 2. Duration of synaptic potentials (msec) 
(a) Recording in lateral geniculate nucleus 


No. of 
Afferent recording 
ope sites 1* 2 3 4 
5 11-8 (9-8—16-9) 33 (2441) 70+ (51-85) 100+ (97-107) 
t, and ¢, 5 11-9 (8-9-16-1) 25 (18-33) 61 (40-92) 103 (96-111) 
(b) Recording in optic radiation 
No. of 
Afferent recording 
volley sites bg $ 2 3 4 
ty 2 8:6 (6-9-11-1) 37 (27-50) 68t (64-71) 95t (82-105) 
and ¢, 2 11-9 (11-0-12-9) 33 (27-40) 86 118 (112-128) 


The values given are mean values, the range of variation being given i in brackets. 
* These numerals refer to the labelled wave forms in Fig. 1. + These figures are under- 
estimates to the extent that certain records have been neglected (for explanation see text). 


Note. At two sites in the nucleus and at one site in the radiation synaptic potentials 
were recorded both as a result of LSD and post-tetanic delayed depression. 


TaBLE 3. Duration of after-potentials and synaptic potentials (msec) 


1 2 3 4 
A { eo potentials 77 22 68 101. 
LSD. potentials 13-1 23 47 98 
B After-potentials 8-5 23 74 103 
PTDD synaptic potentials 10-3 28 84 114 


Mean values at times indicated by numerals (1-4) in Fig. 1. 


the after-potential. There is, however, probably no significant difference 
between the responses as far as the time course of the remaining features 
of the waves is concerned. Earlier histological studies (Bishop & McLeod, 
1954) established that the site of the reversal of polarity of the synaptic 
potentials was at the upper surface of the nucleus and this has been con- 
firmed by further work in this laboratory using maximal optic nerve 


Volleys (P. O. Bishop & R. Davis, unpublished observations). 


Antidromically evoked after-potentials 


The form of the antidromically evoked after-potentials is seen in Fig. 7. 
th our few experiments with antidromic stimulation measurements of the 
duration of the negative after-potential were uncertain because of dis- 
tortion by stimulus escape and the difficulty in deciding when this escape 
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had been adequately controlled by the balancing circuit in the stimulus 
leads. In the case of the experiment illustrated in Fig. 7, with the stimulus 
artifact judged to be adequately controlled, the onset of the initial negative 
spike had a mean latency of 0-7 msec and the mean duration of the after- 
negativity was 4-9 msec (range 4-3—6-3) measured from the onset of the 
negative spike. Thereafter the trough of the after-positivity was reached 
at 16 msec, the base line was recrossed at 110 msec and the late negative 
wave had a peak at 150 msec. The after-positivity and later time course 


Fig. 7. Responses recorded in the lateral geniculate nucleus following antidromic 
volleys discharged down the optic radiation. The same response has been recorded 
successively with fast and slow time bases respectively. 


of the orthodromic response were closely similar (Table 4.4). The repetitive 
firing of geniculate neurones which occurs in response to antidromic 
volleys (Fig. 7, a) is again limited to the duration of the negative after- 
potential. This discharge almost certainly involves the repetitive firing 
of the same neurones, because the latter has actually been observed to 
occur when recording from single antidromically activated geniculate 
neurones (P. QO, Bishop, W. Burke & R. Davis, unpublished). A similar 
antidromic repetitive discharge occurs in the ventral roots of the spinal 
cord (Renshaw, 1941; Brooks et al. 1950a; Granit, Pascoe & Steg, 1957). 
Our findings (Fig. 8) confirm Vastola’s observation that the after-positivity 
in the antidromic responses corresponds to that seen in the orthodromic 
responses recorded at the same points. Records a-g of Fig. 8 were ob- 
tained from the same experiment as those of Fig. 7. Preliminary observa- 
tions indicate that the antidromic after-potentials are unchanged by the 


drug LSD or during the period of post-tetanic delayed depression of the 
orthodromic response. | 
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Slow geniculate rhythms 


In seven preparations a study was made of the spontaneous slow 
oscillations of potential that may be recorded in the lateral geniculate 
nucleus. Except on one occasion both optic nerves were prepared for 


Fig. 8. Spontaneous and evoked slow rhythms. Traces a-g were obtained at the 
one site in the lateral geniculate nucleus. a, spontaneous rhythms; b and e, responses 
to maximal stimulation of the contralateral optic nerve; c, f and g, responses to 
antidromic volleys discharged down the optic radiation. ¢, 7 and k were obtained 
from another preparation during PTDD synaptic block, i and j being taken at a 
common site in the nucleus, and k just above the nucleus in the optic radiation. 
?, spontaneous rhythms; j and k responses to maximal stimulation of the contra- 
ateral optic nerve. Arrow indicates stimulus artifact in trace k. Each time 
scale refers to the three traces above it; d, 200 msec; h, 0-5 sec and l, 0-5 sec. 


stimulation. Since this involves the removal of most of the retina and 
probably the inactivation of the small remnant, the spontaneous potentials 
do not depend upon retinal mechanisms. Recordings were taken about 


- 8x or more hours after the induction of the anaesthesia (see Methods). The 


slow waves under these conditions are fairly irregular, being broken up 
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by fast activity, but there is a predominant rhythm between 6 and 15 c/s 
(mean 9 c/s; Fig. 8, a). Bursts of unit-spike activity also occur particularly 
in relation to the. negative-going peaks of the waves. It is possible that 
the rhythmical bursts of repetitive firing that may follow single ortho- 
dromic volleys (Bishop, Burke, Davis & Hayhow, 1958) are also related 
to these spontaneous geniculate rhythms. 

In four preparations the effect of a sudden increase in the depth of 
anaesthesia was studied, Within 1-2 min after the intravenous administra- 
tion of 0-3—0-5 ml. sodium pentobarbitone solution the fast activity was 
markedly reduced and the predominant rhythm slowed to 3-9 c/s (mean 
5 c/s). The waves generally increased in amplitude and the bursts of unit- 
spike activity were reduced (1 experiment) or eliminated (3 experiments). 

The relationship of the spontaneous waves to those produced as a result 
of orthodromic and antidromic volleys has also been studied (Fig. 8). If 
either orthodromic or antidromic volleys are fired into the nucleus at a 
time when the spontaneous waves are minimal or absent, long-continuing 
oscillations of potential are produced which are indistinguishable from 
those arising spontaneously (Fig. 8,¢, /). In these circumstances it is hard 
to avoid the conclusion that the mechanism responsible for the oscillations 
was activated by the arriving volleys. It is also obviously difficult to 
determine when triggered activity ceases and ‘spontaneous’ activity 
takes over. If we measure the first cycle of triggered activity from the 
stimulus artifact to the peak of the late negative wave (labelled 4 in Fig. 1) 
it has a mean duration of slightly over 100 msec (Table 1), corresponding 
to a frequency of about 9 c/s, the mean frequency of the spontaneous 
oscillations. When spontaneous oscillations of potential are occurring in 
the nucleus the arriving volley appears largely to halt this rhythm and to 
_ trigger it anew in phase with the stimulus (Fig. 8, 9). | 

In one experiment a detailed comparison was made between the spon- 
taneous rhythms and those produced by contralateral, ipsilateral and 
antidromic volleys, the latter three being again measured from stimulus 
artifact to the first late negative wave. The results (mean values) are shown 
in Table 4A. In the same experiment the later waves in the antidromic 
response were compared with the spontaneous rhythms recorded immedi- 
ately beforehand, with an oscillograph time base permitting 3 or 4 later 
waves to be measured. The antidromically evoked waves had a mean 
_ frequency of 6-1 c/s, while that of the spontaneous waves was 6-2 c/s. 

Spontaneous slow oscillations of potential also occur in the lateral 
geniculate nucleus, both when the synapses are blocked by LSD and during 
post-tetanic delayed depression (PTDD). In one experiment (Table 4B) 
the mean frequency of the spontaneous rhythms was 8-7 c/s, and some 
hours later repeated injections of relatively large doses of LSD were given 
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put the spontaneous rhythms still continued though at a slightly reduced 
frequency (6-9 c/s) despite the synaptic block. In the same experiment 
the duration of the first cycle of the response to orthodromic volleys 
remained virtually unchanged during subsequent LSD block and during 
PTDD. 

A detailed comparison was made in one experiment during PTDD 
between the spontaneously occurring slow waves, as recorded in the 
nucleus (Fig. 8, +), and the slow waves following orthodromic volleys re- 
corded both in the nucleus (Fig. 8, 7) and in the optic radiation (Fig. 8, k). 
The time base used allowed 4 or 5 waves to be measured in each sweep. 


TABLE 4. Relationship between spontaneous and evoked potentials 
in two preparations (A and B) 


Mean 
interval Frequency 
(msec) (c/s) 
Spontaneous rhythms* 145 6-9 
After-potentialst following a 
A» Contralateral volley 155 6-5 
Ipsilateral volley | 140 71 
Antidromic volley 160 6-3 
Spontaneous rhythms* | 
Before LSD 115 8-7 
After LSD 145 6-9 
Responsesf to orthodromic stimulation 
Normal after-potential 125 8-0 
LSD synaptic potential 115 8-7 
PTDD synaptic potential 115 8-7 


* Measured between peaks of rhythmic oscillations. 
+ Measured from stimulus artifact to peak of the first late negative wave. 


The mean frequency of the spontaneous rhythms was 6-3 c/s, while the 
mean fréquency of the evoked slow waves was 7:1 c/s, both in the nucleus 
and in the optic radiation. It can be seen from records i and j of Fig. 8 
that the nuclear and optic radiation waves remain approximately 180° out 
of phase throughout almost the whole duration ‘of the sweep. It is probable 
therefore that the optic radiation slow waves arise as a result of electro- 
tonic propagation of oscillations of membrane potential from the cell 
body and dendrites of the geniculate neurones. 


DISCUSSION 


General considerations 


In order that the electrical records obtained from cell populations may 

_ be correlated with histological structure a detailed knowledge is required 

of the geometrical arrangement of the functionally distinct portions of 

the neurone both within the individual neurones themselves and as 

between one neurone and ‘another. The relevant information that is 
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available in relation to the lateral geniculate nucleus has already been 
discussed in earlier analyses of this kind (G. H. Bishop & O'Leary, 1942; 
Bishop, 1953; Bishop & McLeod, 1954; Vastola, 1957). To assist the present 
discussion it is desirable to emphasize some of the structural features of 
the principal cells, i.e. those giving rise to axons that proceed upwards 
in the optic radiation. The dendritic shafts arborize extensively in all 
directions away from the cell body (Taboada, 1927). This predominantly 
radial arrangement of the dendrites with respect to the individual neurone 
is however obscured in the population by the extensive intertwining of the 
dendrites from adjacent neurones. The general orientation of the dendrites 
is therefore essentially random. As far as the axons are concerned, from 
whatever part of the cell they arise they quickly achieve a roughly parallel 
orientation as they pass towards the upper surface of the nucleus and 
beyond into the optic radiation. 

Considering the events in synaptic transmission it may be supposed 
that the impulses in the presynaptic endings lead to local depolarizations 
of the post-synaptic membrane. The presence of local sources and sinks 
of current on dendrites which are randomly arranged with respect to one 
another would not produce a potential field effective for recording. 
A post-synaptic potential would not therefore be recorded until the 
depolarization of the dendritic tree and cell body had become sufficiently 
widespread for significant currents to be drawn from the portions of the 
radiation axons towards the upper surface of the nucleus and beyond into 
the optic radiation. In this region the separation of axons on the one hand 
from cell bodies and dendrites on the other leads to a corresponding separa- 
tion of sources and sinks of current and hence of positive and negative 
fields. Even considering a single cell the radial arrangement of the 
dendrites means that the initial portion of the axon will be electrically 
hidden, so that net outward flow of membrane current will be found only 
as the axon approaches and leaves the limits of the field of distribution of 
the cell’s dendrites. 

Several important consequences follow from the above considerations. 
It will not be easy to distinguish between dendritic and cell-body potentials, 
since both are recorded only by reason of electrotonic current spread up the 
radiation axons and the recording of dendritic potentials must necessarily 
involve the cell body. Furthermore, although there is reason to believe 
from a study of single-unit records that the initial segment of the axon has 
properties which distinguish it from other parts of the neurone (Freygang, 
1958; P. O. Bishop, W. Burke and R. Davis, unpublished; cf. Eccles, 
1957), it is likely that under the present recording conditions its contribu- 
tion will be swamped by the potentials of dendritic and cell-body origin. 
Neither can the records described above provide any direct evidence for 
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conduction along dendrites, although it has been suggested on other 
evidence (Bishop, 1953; Bishop & McLeod, 1954; Freygang, 1958) that 
dendritic conduction probably does not occur in the lateral geniculate 
nucleus. Since the volume conductor records of dendritic and cell-body 
potentials are obtained because of the difference in potential which exists 
between the surface of the dendritic-cell body membrane and that of the 
axon, any potential changes that occur in the axon will have a distorting 
effect on the former potentials. These effects will be minimal when synaptic 
transmission is blocked but the presence of a spike and after-potentials in 
the axons will lead to important modifications of the dendritic and cell- 
body potentials. 

The above considerations do not, of course, necessarily apply to extra- 
cellular recordings made with micro-electrodes having tip diameters of 
_ 0-5, or less, since with their aid it is possible to record local intensities of 
membrane current associated with particular parts of individual cells to 
the exclusion of the general field potentials. For this reason extracellular 
records obtained with such micro-electrodes differ markedly from those 
obtained with the micro-electrodes used in the present study (Freygang, 
1958; Bishop, Burke & Davis, 1958). 


Synaptic potentials 

It will be convenient to discuss the synaptic potentials first, since 
changes in the membrane potential of the post-synaptic axons are not 
directly involved in this case. Analysis of the spatial distribution of the 
sources and sinks of current indicates that the axonal changes occur only 
as a result of electrotonic spread of current from the cell body and den- 
drites. The currents arise as a result of oscillation in the membrane potential 
of the cell body and dendrites. As was pointed out above, our records do 
not allow separate cell-body and dendritic components to be distinguished, 
although it is highly probable that both structures are actively involved 
(cf. Fatt, 1957a, 6; Curtis & Eccles, 1959; Rall, 1959). An initial de- 
polarization (negative) phase, lasting about 12 msec, is followed by a 
hyperpolarization (positive) phase which has a trough at about 25 msec 
alter the onset of post-synaptic activity. The base line is crossed again 
at about 60 msec, the late negative wave (peak at about. 100 msec) 
leading on to further oscillations of potential which are difficult to dis- 
finguish from background slow-wave activity. It should be emphasized 
again that the mean values for the duration of the positive and the late 
hegative waves given above are underestimates (p. 520). 
_ Bishop (1953) and Bishop & McLeod (1954) noted that the initial post- 
synaptic negativity is followed by a long-lasting positivity, but the 
Phenomenon was not further investigated at that time. The synaptic 
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potentials studied by Bishop & McLeod (1954) had a much faster time 
course than those examined here, presumably because they were produced 
by a test shock timed to coincide with the trough of the positive after- 
potential that follows a brief high-frequency train of conditioning shocks. 
Under these circumstances the synaptic potentials are distorted by the 
currents associated with the after-potentials in the cell bodies and axons. 
In other studies from this laboratory the synaptic potentials reported here 
have been shown to be capable of summation, so that transmission becomes 
possible through synapses which were otherwise blocked (Bishop et al. 
1959a, 6). Extracellular synaptic potentials can also be recorded from 
single geniculate cells (Freygang, 1958; Bishop, Burke & Davis, 1958) 
though it is clear that they must bear a rather indirect and complex 
relationship to the potentials recorded from populations of geniculate 
cells. 

The geniculate synaptic potentials reported here are very similar to the 
so-called ‘focal synaptic potentials’ recorded with extracollular micro- 
electrodes from motoneurone pools in the spinal cord (Renshaw, 1946; 
Brooks & Eccles, 1947; Lloyd & McIntyre, 1949; Brooks, Downman & 
Eccles, 195)a, 6). The spatial distribution of the current flow (Eccles, 


Fatt, Landgren & Winsbury, 1954) in relation to the dendrites, cell bodies - 


and axons of the motoneurones also resembles that found in the lateral 
geniculate nucleus. The motoneurone focal synaptic potential has a 
duration of about 10-5 msec (Fig. 9 of Brooks & Eccles, 1947) and a late 
after-positivity of up to 50 msec was noted by Brooks et al. (19500). 
The late after-positivity is much more clearly seen in the ventral-root 
recording after electrotonic spread along the intramedullary motor axons. 
With ventral-root recording maximum positivity is reached at 40 msec 
and the base line is regained at 100 msec (Brooks et al. 19506). It is to 
be expected that the time course of the early phases of the ventral root 
recordings will be distorted by passive membrane electrotonus (Brooks 
& Eccles, 1947), though the late positive phase should be relatively 
unaffected. It is rather surprising that Frank & Fuortes (1955) did not 
find any evidence of these slow potentials in their intracellular records 
from intramedullary motor axons (cf. also Coombs, Curtis & Eccles, 1957). 
Similar focal and ventral-root synaptic potentials have been recorded from 
the frog’s spinal cord (Brookhart & Fadiga, 1960). 

The focal synaptic potentials can be clearly correlated with the intra- 
cellularly recorded synaptic potentials (Brock, Coombs & Eccles, 1952; 
Fatt, 19576). The intracellular excitatory synaptic potential, however, 
reaches its summit more slowly and has a longer time of decay. Interest 
has centred around the time constant of decay of the intracellular excita- 
tory synaptic potential and no systematic measurements seem to have 
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been made of the duration of the phase of depolarization: Published 
records, indicating a value between 15 and 20 msec, are very variable, 
presumably reflecting differences in the geometrical distribution of the 
synaptic depolarizations with respect to the locus of the micro-electrode 


and the distorting effect of the cable properties of the dendrites (cf. Frank 


& Fuortes, 1956; Fatt, 19576; Rall, 1959). The initial depolarization is 
followed by a long-lasting hyperpolarization (Brock et al. 1952; Coombs, 
Eecles & Fatt, 1955). Maximum hyperpolarization, in one instance, was 
reached at about 35 msec and the total duration was about 100 msec, both 
values being similar to the positivity of the ventral root recordings. No 
later fluctuations of membrane potential appear to occur in the moto- 
neurone. The phase of depolarization is clearly correlated with Lloyd’s 
(1946) heterosynaptic facilitation curve and the late after-positivity can be 
correlated with a phase of depression both in respect to the amplitude of 
a testing focal synaptic potential and the level of reflex excitability 
(Brooks et al. 19506). Coombs et al. (4955) suggest that the hyperpolariza- 
tion phase of the synaptic potential is probably a true after-potential 
developing as an immediate consequence of the preceding depolarization, 
and therefore a partial activation of a process more intensively acti- 
vated by the spike. 
After-potentials 

The after-potentials. which follow the discharge of the geniculate cells 
resemble the synaptic potentials. The initial negative after-potential, 
lasting about 7-3 msec, is followed by an after-positivity which has a 


‘trough at 22 msec. The base line is crossed again at 80 msec, the late 


negative wave (peak at about 100 msec) leading on to further oscillations 
of potential that are again difficult to distinguish from background slow- 
Wave activity. The orthodromic after-potentials recordéd in the optic — 
tadiation are of reverse polarity to those recorded in the nucleus, and 
the antidromic after-potentials closely resemble those obtained at the same 
site by orthodromic stimulation (cf. Vastola, 1957, 1959; Bishop, Burke, 
Davis & Hayhow, 1958). Vastola (1957) reported that the negative portion 


of the post-synaptic response to orthodromic stimulation was 2-10 msec 


in duration. Later (1959) he gave values of 10-15 msec for the initial 
Negative phase and 100-200 msec for the total duration of the after- 
positivity. Vastola also described the late negative or negative-going 
wave, 

The focally recorded after-potentials in the motoneurone pools in the 
spinal cord following antidromic activation (Brooks e¢ al. 1950a) have 
been studied, but the comparable after-potentials following orthodromic 
activation do not appear to have been investigated. The orthodromic 
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(Brooks et al. 19506). With intracellular recording both negative and 
positive after-potentials may be recorded following the spike discharge 
(Brock et al. 1952; Araki, Otani & Furukawa, 1953; Coombs e¢ al. 1955). 
These after-potentials have nearly always been produced by antidromic 
activation of the motoneurone but the potentials are reported to be the 
same following both antidromically and orthodromically evoked spikes 
(Brock et al. 1952). Very little attention has been paid to the intra- 
cellularly recorded negative after-potential, but from published records it 
rarely seems to have a post-spike duration of more than about 2 msec. 
It rapidly decays to a large positive after-potential that reaches a maximum 
after 10-15 msec and has a duration of about 100 msec. By contrast the 
spike in the Renshaw cell may be followed by a negative after-potential 
lasting more than 40 msec (Eccles, Fatt & Koketsu, 1954). The after- 
potential mechanisms in the frog spinal motoneurones appear to be different 
from those in the cat (Machne, Fadiga & Brookhart, 1959). 

With antidromic activation the components of the motoneurone spike 
may be readily separated (cf. Eccles, 1957) and these are found to have 
distinctive after-potentials. Although no detailed studies have yet been 
made it is clear that, taking the axon, initial segment and cell body in 
sequence, there is a progressive reduction in the duration of the negative 
after-potential, with finally a marked augmentation of the positive after- 
potential. Both the axonal and ‘initial segment’ spikes (IS spike of Coombs 
et al. 1957; A spike of Fuortes, Frank & Becker, 1957) are followed by 
a prominent negative after-potential, the positive after-potential being 
practically absent in each case. By contrast the ‘soma-dendritic’ spike 
(SD spike of Coombs et al. 1957; B spike of Fuortes et al. 1957) has a very 
brief negative after-potential and a deep and prolonged positive after- 


potential. The excitability of these components is in keeping with the 


pattern of their after-potentials (Coombs et al. 1957; Fuortes et al. 1957). 
The interpretation of motoneurone after-potentials is complicated by the 
generation of synaptic potentials by activation of recurrent motor-axon 
collaterals (Eccles, Fatt & Koketsu, 1954). The importance of this factor 
in the lateral geniculate nucleus is not clear (Vastola, 1959; Bishop & 
Davis, 1960). It is curious that the antidromic spike in the Betz cells in the 
motor cortex is not usually followed by any after-polarizations (Phillips, 
1959). 


Relationship between after-potentials and synaptic potentials 
Comparing the geniculate synaptic potentials and the corresponding 
spike after-potentials (Table 3; Figs. 9, 10) the principal differences are 
the marked reduction in the duration of the initial negative phase when 
a spike is discharged and the marked augmentation of the amplitude of 
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the succeeding positivity (Figs. 9, b, c and 10). The duration of both the 


positivity and the subsequent oscillations of potential remain practically 
unchanged. A strikingly similar change can be seen to occur in the ventral- 
root synaptic potentials when a motoneurone discharge takes place 
(Brooks et al. 19506). This change is to be expected in view of the pattern 
of the after-potentials that follow the cell-body spike (see above). The after- 
positivity which follows the motoneurone excitatory synaptic potential 
has the same duration as the after-positivity which follows the spike, 


Fig. 9. a, Monophasie action potential and prolonged negative after-potential 
obtained from the optic nerve following antidromic activation of the contralateral 
optic tract. Time scale b (20 msec) refers to trace a. c and d, taken from Figs. 1 and 5, 
show the after-potential and LSD synaptic potential respectively, recorded at 
the same intrageniculate site following maximal shocks applied to the contra- 
lateral optic nerve. Time scale e (10 msec) refers to traces ¢ and d. 


i.e. 100 msec. Another factor has to be taken into consideration, namely 
the after-potentials of the post-synaptic axons. Assuming that the pro- 
perties of the radiation axons resemble those of the optic nerve axons they 
will have a prolonged negative after-potential and practically no positive 
after-potential (Fig. 9a; Bishop, Jeremy & Lance, 1953; cf. Lloyd, 1951; 
Rudin & Eisenman, 1954; Coombs et al. 1957). This negativity in the axons 
will have the effect of reducing the amplitude and shortening the duration 
of the post-spike negativity recorded in the lateral geniculate nucleus. _ 

Probably much more important than the axon, however, is the effect of 
potentials originating in the dendrites and the extent to which they 


_ Survive the spike and thereby impose a continuing influence on the spike- 
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generating mechanism (Tasaki et al. 1954; Eyzaguirre & Kuffler, 19552, 5). 
The first component (IS or A) of an intercurrent antidromic spike is 
incapable of abolishing the motoneurone synaptic potential (Brock, Coombs 
& Eccles, 1953), presumably because it does not invade that region of the 
neurone where synaptic activity occurs. By contrast the second com- 
ponent (SD or B) largely removes the synaptic potential, because the 
spike now invades membrane involved in synaptic activity. The small 
residual potential that remains in the latter case has been variously 
interpreted as due to prolonged action of the synaptic transmitter (Curtis 
& Eccles, 1959) or to the fact that part of the dendritic surface does not 
have its synaptic potential wiped out by antidromic invasion, and that this 
residual synaptic potential then spreads electrotonically to the soma 
(Rall, 1959; cf. also Fatt, 19576). Both factors may well be of importance 
in the one cell. The degree of antidromic invasion of the dendrites probably 
varies from one type of neurone to another and also in the one neurone 
under different conditions. Freygang (1958) has put forward the view that 
a large. part of the soma-dendritic membrane of the geniculate neurone, 
though excited synaptically to produce a synaptic potential, is not invaded 
by a propagating spike. Even if the large dendrites are invaded it is 
likely that there will still be a significant spread of charge from uninvaded 
finer dendritic branches into the cell body and axon. In the crayfish 
isolated neurone (Eyzaguirre & Kuffler, 1955a) a persisting generator 
potential in the distal dendritic processes can lead to the initiation of 


impulses at a site along the axon at a distance of 0-5 mm from the cell - 


body (Edwards & Ottoson, 1958). The long-continued depolarizing po- 
tential and repetitive discharge in the Renshaw cell have been attributed 
to the persistence of the transmitter substance as a result of the presence 
of diffusional barriers intimately related to the synaptic terminals on the 
cell (Eccles, Eccles & Fatt, 1956). Such a diffusional barrier might also 
lead to the accumulation of potassium released during activity and hence 
to the production of a negative after-potential such as occurs in the axon 
(cf. Narahashi & Yamasaki, 1960). 


_ It is possible that the cell-body after-potentials of both motoneurones 


and geniculate neurones are, in fact, very similar, consisting of a very 


brief after-negativity and a deep and prolonged after-positivity ‘without 
further oscillations of potential. The longer negative after-potential of the 
geniculate neurone and the later oscillations of potential would then be 
due to continuing spread of charge from the dendrites. One can regard 


the properties of geniculate neurones as being intermediate between those _ 


of the Renshaw cells on the one hand and of the motoneurones on the 
other. Part of the brief negative after-potential that follows the moto- 
neurone SD spike may also be due to residual dendritic activity. 
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Relationship between after-potentials and recovery of responsiveness 

The extent to which the after-potentials determine the recovery of 
responsiveness of geniculate synapses (Bishop & Evans, 1956; Bishop & 
Davis, 1960) following their discharge may now be briefly discussed. The 
curve of recovery of responsiveness of the r, spike is. shown as the continuous 
line in Fig. 10, the ordinates representing the degree of supernormality and 
subnormality as a percentage of the unconditioned 1, spike (for details 
see Bishop & Davis, 1960). The two early phases of supernormality have 


msec 
Fig. 10. a and b, mean time courses of the synaptic potentials and the after- 
potentials of geniculate neurones respectively; ordinates in arbitrary units. 
¢, mean curve of recovery of responsiveness of geniculate synapses following 
a maximal conditioning shock applied to the optic nerve expressed as a percentage 
of the unconditioned test response (from Bishop & Davis, 1960). 


a total duration of 6-7 msec. The following phase of depression is maxima] 
at 19 msec and the recovery, which is still continuing at 100 msec, is not 
actually complete until about 2 sec. The geniculate after-potentials are 
shown as the broken line in Fig. 10, the ordinates being in arbitrary units. 
The negative after-potential has a duration of 7-3 msec and the positive 
aiter-potential has a trough at 22 msec. Thereafter the curve of recovery of 
responsiveness soon diverges widely from the after-potential pattern. The 
close correspondence that obtains, however, during the first 30-40 msec 
indicates that the after-potentials probably play a dominant part in de- 
terming the excitability of the neurone during this interval. Bishop & 
Davis (1960) considered the two early phases of supernormality as though 
they were of largely separate origin. It is more likely, however, that they 
-Tepresent two phases of the same process determined by the summed effect 
of the negative after-potentials of the cell body and axon and the residual 
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soma-dendritic synaptic activity. The brief intervening phase of de- 
pression or relative depression is possibly due to the brief interval of 
reduced or reversed current flow between cell body and axon that occurs 
when the radiation axons are occupied by the spike process. 

The later stages of the recovery cycle are probably largely determined 
by presynaptic changes. An indication of the importance of presynaptic 
changes is the fact that, with heterosynaptic testing, the prolonged phase 
of depression of geniculate synapses lasts only 350 msec in contrast to the 
depression following homosynaptic testing which lasts about 2 sec (Bishop, 
Burke, Davis & Hayhow, 1958). Brooks et al. (19506) have produced 
similar evidence which indicates that the late phase of the depression 
(i.e. after about 150 msec) in the recovery cycle of motoneurones following 
orthodromic activation is due to a presynaptic change. 


Slow rhythms 

It is becoming increasingly evident that the slow waves recorded from 
the cerebral cortex depend upon the rhythmic fluctuations of the mem- 
brane potential of the apical dendrites, whether the waves are sponta- 
neously occurring or evoked (cf. particularly Clare & Bishop, 1955; Li 
et al. 1956) and the homology has been suggested of these potential waves 
to the post-synaptic potentials that may be recorded in the spinal cord 
and lateral geniculate nucleus (cf. Bremer, 1958). The results of the present 
study also indicate that the dendrites of the principal cells may be re- 
sponsible for the slow rhythms that are recorded in the lateral geniculate 
nucleus. Moreover, the principal cells are almost certainly the only 
neurones present in the nucleus whose morphological arrangement would 
permit of the generation of the recorded potential fields. The geniculate 
rhythms continue even though the afferent input from the retina has been 
removed. The rhythms do not therefore depend upon the spontaneous 
discharge of retinal receptors. Whether the dendrites of the geniculate 
neurones are actually capable of continuous self-excitation or not, it is 
clear that, under normal circumstances, they must be conceived as being 
_ at least only just below this self-excitatory level, because they may be 
triggered into prolonged rhythmic activity by synaptic potentials that are 
well ‘below the level necessary to initiate a propagated discharge. This 
occurs when the synapses on the principal geniculate neurones are blocked 
by large doses of LSD. If one accepts the view that LSD acts by com- 
petitive antagonism to the normal transmitter it is likely that all the 

excitatory synapses on the principal cells will be blocked by its action. 
_ This places a clear restriction on the mechanism used to explain the neuronal 
synchronization that must occur in the production of these rhythmical 
potentials. One explanation of neuronal synergy (cf. Bremer, 1958) involves 
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intricate synaptic connexions between the active cells by short axon 
interneurones and by recurrent collaterals of long axons. Although LSD 
may be without effect on the short axon interneuronal circuits in the 
lateral geniculate nucleus, it is unlikely that the principal neurones them- 
‘selves can be included in the recurrent loops but must be regarded as 
non-propagating off-shoots. 

Prolonged rhythmic waves, indistinguishable from those arising spon- 
taneously, may be triggered off both orthodromically by synaptic poten- 
tials and antidromically by optic radiation volleys. The first cycle of the 
triggered activity, however, is different from the later slow waves. The 
first cycle always commences with a relatively brief negative phase 
followed by a positive phase which has a greater amplitude and is more 
prolonged than those that succeed it (Figs. 8, 10). The general conclusion 
suggested as a result of this study is that the geniculate neurones are 
capable of generating three kinds of non-propagating potentials, namely : 
(1) slow rhythmic oscillations due to fairly prolonged or possibly sustained © 
self-excitation ; (2) synaptic potentials due to orthodromic volleys, having 
an initial negative phase, lasting somewhat longer than 12 msec, followed 
by a prolonged after-positivity; and (3) after-potentials that arise as a 
result of the generation of a cell-body spike, having a very brief initial 
negativity (less than 7 msec), followed by a deep and prolonged after- 
positivity. It is not possible to assign these potentials to either dendrites 
or cell-body with any certainty. The possible restriction of the spike to the 
cell body would restrict the after-potentials to the cell body also. The other 
two potentials possibly involve both structures with the prolonged 
rhythmic activity being largely of dendritic origin. It is likely that the 
mechanisms responsible for all these potentials may operate concurrently 
so that the potentials actually recorded result from their complex inter- 
action. 


SUMMARY 


1. The lateral geniculate neurones have been activated, orthodromically 
and antidromically respectively, by means of electrical stimulation of the 


cortex of the cat. The geniculate responses have been recorded extra- 
cellularly by means of a micro-electrode inserted down through the intact 
cerebral cortex. 

2. Measured from the onset of post-synaptic activity, the initial nega- 
tive after-potential of the otthodromic response has a mean duration of 
7-3 msec; the subsequent positive after-potential has a sharp decline to a 
maximum at about 22 msec and returns to the base line at about 80 msec. 
There is a late negative peak soon after 100 msec. The subsequent oscil- 
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lations of potential, which have a mean frequency of 9 c/s, cannot be 
distinguished from the spontaneous slow rhythms. . 

3. The orthodromic after-potentials increase in amplitude with in- 
creasing afferent stimulation but are not significantly altered in time course. 
Recorded in the optic radiation the after-potentials have a similar time 
course but are of opposite polarity to those recorded in the nucleus. By using 
iron deposition to label the recording site the level at which the potentials 
reversed sign was found to be the upper surface of the nucleus. 

4. Except for the initial after-negativity the antidromic after-potentials 
are the same as those evoked at the same site by orthodromic volleys. 

5. Synchronous repetitive firing of geniculate neurones was frequently 
associated with the negative after-potential and occasionally unit repetitive 
firing was observed in relation to the negative peaks of the later slowrhythms. 
The repetitive firing ceased with the onset of the positive after-potential. 

6. Synaptic potentials were recorded while the geniculate synapses 

were blocked by lysergic acid diethylamide and as a result of post-tetanic 
_ delayed depression, the level of block being monitored by recording from 
the cerebral cortex. | 

7. The time course of the synaptic potentials was the same in either 
case. Measured from the onset of post-synaptic activity the initial 
negativity has a duration of about 12 msec, the succeeding positivity 
reaches its maximum at about 25 msec, the base line is recrossed soon — 
after 60 msec and the late negative wave has a peak at about 100 msec. The 
subsequent oscillations of potential are indistinguishable from the spon- 
taneous slow rhythms which also occur in the nucleus during synaptic block. 

8. In the temporary absence of spontaneous rhythmic activity long- 
continued oscillations of potential may be triggered off both by ortho- 
dromic and antidromic volleys. 
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In recent years the perfused mammary gland has been used by a number 
of workers in the study of milk secretion. The method is open to criticism 
because both the blood flow and metabolic rate may be much lower than 
normal (Linzell, 1954) and in the cow the incorporation of radioactive 
phosphorus very low (Barry, 1952). In contrast, the yields of milk obtained 
by Tindal (1957) in 3—4 hr perfusions of cows’ udders were surprisingly 
good (41 °/ of normal in the first 2 hr). This suggests that. much of the milk 
obtained may have been preformed. 

Similar results in all respects were obtained by J. M. Barry & J. L. 
Linzell (unpublished) in perfused goats’ udders, which are technically 
easier to work with. We felt that a more detailed study of this preparation 
would indicate its reliability and limitations, and so help to assess the use- 
fulness of mammary perfusion for biochemical studies. 

Inthe work to be described we have tried to decide whether milk can be 
secreted in isolated perfused glands, using three criteria: 

(a) the quantity and composition of the milk in relation to that pro- 
duced by the glands in the conscious animal before perfusion ; 

(b) the responses to variations in the availability of known milk pre- 
cursors produced by alterations in perfusate flow and composition; and 
 (c) the transfer of labelled substrates from blood to milk on the assump- 
tion that, given a steady blood concentration of a radioactive atom, a 
derived milk product should eventually have the same specific activity. 

Preliminary communications have been given to the Physiological 
Society (Cargill-Thompson, Drury, Hardwick, Linzell & Tucker, 1958), 
and to the Biochemical Society (Hardwick, Linzell.& Price, 1960). 


METHODS 


The detailed procedure and apparatus have been gradually evolved during the er 
ments, The majority of alterations to the apparatus were introduced for convenience, speed 
of removing the glands, and ease of assembling and cleaning the apparatus, and are not 
thought to have changed the method materially. | 
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Apparatus. Initially the perfusion circuit was a simple arrangement in series of reservoir— 


pump-mammary gland-flow recorder-oxygenator—reservoir. To maintain thorough mixing 
of the substrates being run into the perfusate, and to provide extra oxygenation for large 
glands, an additional circuit of pushp—oxygenator—reservoir was added later. The final 
arrangement was reservoir A~pump A-mammary gland-flow recorder—oxygenator A- 
reservoir B-pump B-oxygenator B-reservoir A. The reservoirs were joined by a narrow 
tube, and substrates were added to reservoir B. The reservoirs and pumps were situated 
n a water-bath, with the rest just above. The whole apparatus was enclosed in a plastic 
box resting on the rim of the water-bath, which therefore partly controlled the temperature 
and humidity of the air in the chamber. The pumps were of 7-12 ml. capacity (see Linzell, 
1959a) driven by Dale-Schuster pumps below the reservoir. Apart from the walls of the 
oxygenator (Hooker, 1915, type), which were of glass, the circuit consisted mainly of Perspex 
and silicone rubber. Some preliminary experiments were carried out with the pump set to 
deliver constant-volume inflow, by recording perfusion pressure and adjusting the Dale- 
Schuster pump to maintain the pressure at physiological levels. The majority of perfusions, 
however, were performed at constant pressure with a Starling by-pass (the overflow blood 
going to oxygenator B). Venous outflow was measured with a modified Gaddum (1929) 
recorder. The total capacity of the circuit was about 11. and usually contained about 
700 ml. of perfusate. 


Animals 


In fifty experiments the majority of animals were of mixed breed ; thirteen were pure-bred 
Saanens and one was Anglo-Nubian. Age and stage of lactation and the weight of the glands 
(200-1300 g) made no apparent difference to the success of perfusion. Castrated male 


-Saanen goats were kept as blood donors. 


Perfusate 

In the majority of experiments the perfusate consisted of 18-35%, average 26 % (v/v), 
washed goat red cells (normal haematocrit 23-35%), suspended in Krebs’s solution containing 
7% goat albumin, heparin (15 u./ml.) with penicillin and streptomycin (each, 100 u./ml.). In 
some experiments glucose (100 mg/100 ml.) and Na acetate (10 mg/100 ml.), or some of the 
substrate mixture under test, were added. The red cells were mixed with the albumin-Krebs’s 
solution just before the experiment, filtered through a 5 » sintered stainless-steel filter (Adelphi 
Manufacturing Co., London, N. 1) and circulated through the apparatus to equilibrate with 
mb or oxygen plus 7 % CO, for 30 min at 33° C before the gland was removed. The use of this 

ter removed small particles which had in previous experiments caused emboli, and obviated 
the necessity of including filters in the circuit during perfusion. Throughout the paper the 
perfusate flow is referred to.as ‘blood’ flow and the supernatant fluid as ‘plasma’. 

The detailed preparation of this perfusate, the reasons for using it, and its comparison 
with autologous whole blood, are as follows: 

Saline. This was the Ringer-bicarbonate solution of Krebs & Henseleit (1932). In recent 
experiments the Na has been increased to 153 m-equiv/l. and the K reduced to 4-2 m-equiv/l., 
in accordance with analyses of goat plasma (Linzell, 1960). In a preliminary experiment 
with dextran and red cells, a gland perfused with Krebs—Henseleit medium had a slightly 
better ‘blood’ flow and developed less oedema and fewer petechial haemorrhages than the 
opposite gland perfused with Ringer’s solution. 

Albumin. This was prepared aseptically from mixed goat plasma by. the method of 
Kekwick & Mackay (1954). Electrophoretic analysis by Dr A. E. Pierce of this Institute 


_ Showed that one preparation consisted of 77% albumin, 12% a, 2% and globulin, 


and was not significantly different after a 6 hr perfusion. In four experiments goat albumin 
gave better ‘blood’ flows and less final oedema and haemorrhage than dextran (2) or goat 
plasma (2). During a perfusion with goat albumin, 60 min after the addition of an equal 
volume of 6 % dextran in Krebs’s solution to one gland, blood appeared in the lymph. Bovine 
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albumin gave poorer flows than dextran, and moreover when injected intra-arterially into 
glands perfused with goat albumin produced a slight vaso-constriction. Dialysed goat 
plasma was more suitable but, in spite of the addition of heparin, tended to form fibrin 
threads in. parts of the apparatus after some hours of perfusion. Additional advantages of 
albumin over dextran are that it slowly inactivates 5-hydroxytryptamine (5-HT), has some 
buffering power and binds Ca, fat and cortisol. 

Red cells. These were prepared from blood drawn aseptically from castrated male goats 
the day before the experiment. The blood was centrifuged at 1340 g for 45 min and the 
plasma and the top third of the cells discarded. This process was repeated after suspending 
the bottom two-thirds of the cells in 1% NaCl and the remaining bottom layer of cells was 
washed twice in 1% NaCl, stored during the night, and given a final wash in Krebs’s 
solution on the morning of the experiment. 

This perfusate was used instead of blood because of the very high 5-HT content of goat 
blood platelets (Cargill-Thompson, Hardwick & Wiseman, 1957), which do not easily break 
down so that 5-HT could not be removed by dialysis. 5-HT is vasoconstrictor in goat 
mammary glands and the importance of removing it was shown in one experiment (Fig. 1) 
and confirmed subsequently. In thirteen perfusions with washed goat red cells suspended in 


goat albumin-Krebs’s solution, the maximum blood flows were 51+ 19 (s.p.) ml./100 g/min 
- (range 20-81) and the mean flows in experiments lasting 3-8 hr were 38 + 19 ml./100 g/min 


(range 10-70), associated with ‘plasma’ 5-HT levels of less than 0-2 yg/ml. (Unless other- 
wise stated all measures of variability are standard deviations.) These compare favourably 
with the flows in conscious goats of 45+7 ml./100 g/min (Linzell, 1960a), and are in | 


marked contrast with the maximum flows obtained with autologous whole blood in 


two perfusions, of 9 and 16-5 ml./100 g/min in the goat and of 4 and 10 ml./100 g/min in the 
cow (Tindal, 1957). Although maximum flows of 29-60 ml./100 g/min have been obtained 
by incorporating autologous lungs in the perfusion circuit, the presence of another tissue 
would make the interpretation of isotope experiments more difficult. 

The 5-HT inhibitors available when this work was started all caused some vasoconstric- 
tion in goat mammary glands perfused in situ, and the addition of dihydroergotamine or 
lysergic acid diethylamide (LSD) 1 ug/ml. to the blood in two perfusions produced maximum 
blood flows of only 8 and mean flows of 7 ml./100 g/min. Similarly Tindal (1957) obtained 
maximum flows of only 15+6 ml./100 g/min in the cow’s udder, using dibenamine or 
dibenzyline. More recently we have obtained better results with autologous blood by using © 
bromolysergic acid diethylamide (BOL 148, Sandoz) 0-6 ug/ml. In three experiments (with 
substrates) the maximum flows were 27:5, 34 and: 33 ml./100 g/min and the mean flows in 
perfusions lasting 18, 13 and 14 hr were 22, 19 and 20 ml./100 g/min. In each of these 
experiments the opposite gland was perfused with the usual perfusate plus substrates and no 
significant difference in milk yield was observed (Fig. 5). 

pH of perfusate. The pH (at the temperature of perfusion) of the initial perfusate varied 
from 7-2 to 7-5, and during perfusions the range was from 6-8 to 8-0. There was no apparent 
correlation between the pH and the mean blood flow or the total milk yield. There was a 
general tendency for the pH to rise during perfusion, an effect we believe to be due chiefly 
to the accumulation of Na+ as the glands used up the acetate from sodium acetate. We 
tried ammonium acetate instead, but the NH,* also accumulated to levels we felt might be 
toxic (90 mg/100 ml.). The addition of small amounts of lactic or acetic acid to reduce a 


rising pH did not apparently improve the milk yield or blood flow, and caused haemolysis. 


Sterility, Although no attempt is usually made in physiological experiments to prevent 


_ bacterial-growth, it was felt desirable to reduce this to a minimum, especially in experiments — 


lasting up to 24 hr. The perfusate was prepared aseptically but penicilllin and streptomycin 
Were included because the apparatus was clean but not sterile and the tissue was removed 
cleanly but not aseptically. Broth cultures made from the final perfusate showed slight 
gtowth at 37° C after 2-4 days in most experiments, but usually no growth at room tem- 
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perature. In a few cases the final perfusate showed no growth at all, but these experiments 
were not noticeably more successful, and there was no correlation between the amount of 
growth or the bacterial count and the amount of milk secreted in any of the experiments. 


Incompatibility. The use of red cells and albumin from donor animals raises the possibility 
of incompatibility between these and the mammary tissue. Routine cross-matching tests 
(Drury & Tucker, 1958) capable of detecting the presence of very weak antibodies were 
carried out between the donor red cells, and albumin and the recipient red cells and serum by 
Miss E. M. Tucker, of this Institute. In a few cases weak haemolysins were demonstrated 
in the recipient’s serum which reacted with the donor red cells, but this apparently had no 
adverse effect on the perfusion. 

To test the importance of compatibility more decisively we immunized a recipient goat 
with the whole blood of two donors before the experiment, and obtained a high titre of 


_haemolysing antibody to the red cells of both donors. Although at the time of the experi- 


ment the recipient animal showed marked reactions to an intravenous injection of a few 
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Fig. 1. ‘Blood’ flow through 2 glands of a goat which were perfused with dextran- 
Krebs’s solution. One gland had washed goat red cells (™@ @) and the other the 
same red cells plus white cells and platelets (O [)) added to the perfusate (19 % by 
volume). Equilibration of the perfusate before perfusion released 5-HT. 


millilitres of mixed donor whole blood (fall in B.P. and apnoea), perfusion of the glands with 
red cells and albumin prepared from the blood of the two donors was successful (Fig. 50). 
Recipient blood was washed out of the tissue as usual before perfusion and, even though 
antibody appeared in the lymph and milk throughout perfusion, there was no evidence that 
it appeared in the perfusate because the donor cells were not sensitized. As the natural 
antibodies are very weak compared with the immune antibodies, it can safely be inferred that 
when red cells in albumin are used as perfusate, incompatibility will be of little significance. 


Substrates 
In preliminary experiments on the basic perfusate, a solution of glucose 5-5% and Na 
acetate 1-37% was run in at 9 ml./hr. In most experiments the substrate solution had the 
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following composition (g/l.): glucose 75, acetic acid 25, Na-8-OH-butyrate 4, Na, HPO,.2H,O 
. 9; and the following L-amino acids: alanine 0-4, arginine 0-8, asparagine 0-8, aspartic acid 
0-4, cysteine 0-4, glutamine 2, glutamic acid 2, glycine 0-5, histidine 0-5, hydroxyproline 0-4, 
isoleucine 1, leucine 2-5, lysine dihydrochloride 1-35, methionine 0-7, phenylalanine 1-6, 
proline 1-9, serine 1-25, threonine 0-8, tryptophan 0-25, tyrosine 0-2, valine 1-7, and goat 
albumin 30. The pH was adjusted to 6-0—6-5 with about 40 ml. 10 n-NaOH/I. This mixture 
was calculated so that 1 ml. of solution provided all the precursors (including water) for the 
formation of 0-5 ml. of goats’ milk. It was run into the perfusate continuously at 5-30 ml./ 
hr. The amino-acid pattern was that of casein, except that tyrosine, being sparingly soluble, 
was largely replaced by phenylalanine, and that cysteine and hydroxyproline were in- 
creased. CaCl, (1-1 g/l.) was added at a rate found by experience to r the perfusate Ca 
level approximately constant (about 8 ml./hr). 

Unfortunately the inflow of the more complex substrate solution sometimes caused a fall 
in blood flow. Maximum flows in experiments where substrates were used were 33+ 18 ml./ 
100 g/min and mean flows only 20+ 12. The intra-arterial injection of acetate and lactate 
in these perfusions and into the glands perfused in situ with the animal’s own blood sometimes 
 eaused vasoconstriction, although in other experiments they produced vasodilatation, as 
_ did also hypertonic glucose and sucrose. However, the apparatus was modified to make sure 
that the substrates were thoroughly mixed with the perfusate before reaching the gland. 


Operations 

Anaesthesia.. We have preferred to remove the glands under anaesthesia rather than 
after killing the animal, because the long preparatory dissection could then be done 
carefully with the blood supply intact. In the majority of experiments the glands were 
‘removed under epidural anaesthesia, This was induced, | hr after a tranquillizing dose — 
of chlorpromazine (1:50—-1-7 mg/kg), with 2% lignocaine+adrenaline: usually 5-7 ml. 
was injected into the lumbosacral space and an additional 3 ml. on each side between 
Ll and 2. 

In preliminary experiments general anaesthesia was induced with pentobarbitone (10-20 
mg/kg) intravenously and maintained with cyclopropane and O, in a closed circuit. When, in 
such perfusions, we infused amino acids, fat and 5 % plasma in addition to the small quanti- 
ties of glucose and acetate used, there was no increase in milk yield as compared with tho 
opposite gland receiving glucose and acetate only. We thought this might be due to the use of 
general anaesthesia, because in thirty recovery operations on goats under this anaesthesia 
(including udder operations) the mean milk yield 5-8 hr after induction was reduced by 
65% (range from 28 % increase to 100 % decrease) as compared with the comparable period 
on the 3 previous days. In contrast to this, in eleven similar recovery operations done under 
epidural anaesthesia plus chlorpromazine, the average milk yield was not affected vane 
from 20% increase to 22% decrease). 

However, we have recently perfused the glands of three goats removed under general 
anaesthesia with adequate amounts of all substrates and obtained milk yields similar to those 
of glands removed under epidural anaesthesia, which suggests that in our earlier experiments 
failure was not due to the general anaesthetic but to insufficient acetate and glucose (Fig. 6). 
We still prefer epidural anaesthesia because the milk yield during removal was reduced by 
50% on average under general anaesthesia but only by 15% under epidural (Table 1). 

Surgical procedure. After sterilizing the skin the two glands forming the goat’s udder were 
| Sparated, removed and perfused independently, so that one could be compared with the 
other. The glands were cooled with ice packs and dissected free one at a time leaving the 
main vessels intact to maintain the circulation until just before removal. Local anaesthetic 
(0-5 % lignocaine) was injected around the nerves before dissection. The main external pudic 
and usually the lymphatic vessels were cannulated and all other vessels tied off or cauterized 
with electrocautery. The blood left in the gland was discarded either by heparinizing the 

36-2 


+ 
4 
it 
t 
& 
a 
i 
L 
| 


552 D.C. HARDWICK AND J. L. LINZELL 


animal before removal and rejecting the first 50 ml. perfused through the gland (under 
general anaesthesia) or by washing through with 10-50 ml. heparin-Krebs solution just after 
removal (under epidural anaesthesia). Each gland was suspended in the apparatus in a 
natural position by the lateral skin and median suspensory ligament, over a funnel to allow 
the small amounts of blood or perfusate oozing from the cut surfaces to be caught and 
returned to the reservoir through a fine cotton filter. 


Milking 
Before the experiment the animals were milked twice daily by hand at 9.30 a.m. and 
5 p.m. and the yield of each gland was recorded separately. Since milk secretion is a steady 


- gontinuous process (Linzell, 19596), the average hourly yield was calculated from the mean 


daily yield for 7 days before the experiment (except in a few cases where it increased or 
decreased significantly during this period, when a shorter period was used.) The validity of 
this procedure was also checked by milking conscious goats hourly, after 1.v. oxytocin 
200 m-u. Milk samples for 3 days before the experiment were bulked for analysis to obtain 
the mean composition before perfusion. i 

On the morning of the experiment the goat was milked out completely, with 200 m-u. 
oxytocin, before anaesthesia, so that the residual milk obtained at the start of perfusion 
(0-75—2-50 hr later) gave the secretion rate and composition of the milk being secreted under 
the operation, immediately before perfusion. 

In order to obtain the milk for measurement and analysis, 40 or 100 m-u. oxytocin was 
injected intra-arterially at the start of perfusion and every hour thereafter. The lower dose 
was used recently because vasoconstriction occurred in some glands. Responses to oxytocin 
have been obtained for up to 27 hr of perfusion and on no occasion was any more milk 
obtained by giving a second equal or larger dose immediately afterwards. In the first experi- 
ments the teats were cannulated, but, since it was still found necessary to massage the glands 
to get all the milk out, cannulation was abandoned and the glands were milked in the normal 
way. 

Period without blood flow 

The period between cutting off the normal blood supply and starting the perfusion was 
recorded in each experiment. In twenty-six experiments under epidural anaesthesia, 
this was 2-9 min (mean, 4) but in sixteen others, where it averaged 20 min (13-27), no 
significant difference in the milk yield or blood flow during perfusion was detected. In spite 
of these findings we have tried to keep this period as short as possible. _ 


| Temperature of perfusion 

The effect of temperature was tested in two experiments. In each case one gland perfused 
at 39° C (the venous blood temperature of conscious goats) gave less milk for a shorter period 
than the opposite gland perfused at 32° C. In the majority of experiments, after cooling the 
glands during dissection, the initial temperature of the perfusate was set at 30°C and 
gradually increased to a maximum of 34-36° C. Statistical analysis of these experiments, 
and of. an earlier group perfused at 38-39° C throughout, failed to show any significant 
difference in milk yield. 

Oxygen tension 

In some experiments the glands were very sensitive to a raised oxygen tension, showing a 
marked fall in blood flow that occurred in response to changing from air+7% CO, to 
O,+7% CO,. This was not seen in all cases, and was most marked in the early stages. It 
was not always possible to use air throughout in the case of large glands using a lot of 0,. 
In these cases some O, was added cautiously to raise the O, content of the arterial blood. 


7% CO, was used to = the plasma CO, of the perfusate at about the normal level for 
lactating goats. 
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ments these have been controlled. We believe also that micro-bubbles have reduced the 


perfusate in respect of Na, K, Ca, P, acetate, glucose and protein. In most experiments per- 
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General course of perfusion 


th. perfusions were carried on for 5-27 hr (average 12). Generally the artery became 
constricted during cannulation and the initial ‘blood’ flow was low (about 10 ml./100 g/min), 
rising during the first few hours of perfusion (Figs. 1, 2, 4, 6, 7). Thereafter, in most experi- 
ments in which substrates were infused, the pattern was variable, unpredictable and often 
uncontrollable. As the work proceeded it became clear that the amount of milk secreted was 
related to the blood flow (see Results), so we have paid great attention to this factor. We 
have already mentioned that a reduced or variablé blood flow has been associated with solid 
emboli, some substrate constituents, oxytocin and a high O, tension and in recent experi- 


blood flow in some experiments. Albumin froths easily and the foam is very stable, so that 
eateless injections into the reservoirs tend to produce micro-bubbles. This trouble has 
recently been eliminated by great care and larger bubble traps. 

Our experience has been that, unless a fall in blood flow is arrested quickly, it tends to 
continue and cannot then always be reversed. Therefore, in recent experiments we have 
promptly injected 40-100 mg of adenosine intra-arterially as soon as the flow started falling 
(see Fig. 7) and in addition have placed papaverine 2—5 % on the vessels during cannulation 
and at the start of perfusion. Neither of these substances has affected the milk yield and 
with these modifications in technique fully normal flows have been obtained (see Results 
with a modified technique, p. 565). An important finding was that, in the majority of cases 
when the blood flow was low, the terminal intra-arterial injection of Indian ink revealed a 
patchy distribution in the tissue, showing that in such cases large areas of the glands were not 
being perfused. 

Lymph flow has also eas very eisai Fig. 7), ranging from zero to normal hams 
(Linzell, 19606). Zero flows were obtained only when cannulation had been carried out before 
heparinizing the glands. As might be expected, lymph composition reflected that of the 


fusion could be prolonged for some hours after the milk yield fell below 5% of the previous 
hourly yield, and an uptake of O, and substrates continued. Oedema, as judged by 20% or 
more increase in weight at the end of perfusion, occurred in about half the experiments. 
However, this was very rarely marked before milk secretion had ceased and often occurred 
in less than an hour as a terminal event. Other terminal pathological features observed 
occasionally were petechial haemorrhages, blood in the milk and lymph and congestion of 
the tissue. | 
_ Histologically the secretory cells appeared normal at the end of the experiment except 
that, in some cases, fat was almost entirely absent from the secretory cells, Haemolysis was 
detected in the centrifuged ‘plasma’ after about 4 hr and increased steadily thereafter. 
The haematocrit tended to fall owing to the addition of substrates, unless there was marked 
oedema. The addition of substrates also raised the tonicity of the perfusate towards the end 
of perfusion. 


Analytical methods 
Perfusate. ‘Blood’ gases were measured in the manometric apparatus of Van Slyke; 
‘blood’ sugar by the method of Somogyi (1952) with Nelson’s (1944) precipitant; ‘blood’ 
volatile fatty acids by steam distillation (Annison, 1954); Ca and Mg by EDTA titration 
of the oxalic and ammonium phosphate salts (Wilson, 1955); amino acids by the procedure 
of Hamilton & Van Slyke (1943); inorganic phosphate was estimated by the method of 
Fiske & Subbarow (1925) and later by that of Berenblum & Chain (1938). 
Milk. Lactose was estimated by Somogyi’s (1952) method after phosphotungstic acid—Zn 
aetate precipitation (Grimbleby, 1956). Fat, total solids and ash in macrosamples by British 
Standard 1741 (1951) and in microsamples (1-5-2 ml.) by drying at 95° C on paper, extracting 
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the fat by Soxhlet and ashing at 500° C. Ca was determined in ash by dissolving in n-HCI, 
neutralizing, precipitating as the oxalate and titrating with EDTA (G, Bull, unpublished). 

In much of the work casein was precipitated at pH 4-6, washed twice, digested in sulphuric 
acid and the nitrogen determined by Kjeldahl. Albumins and globulins were estimated by 
Moir’s method (Davis & Macdonald, 1953). Recently, because these fractions were found by 
Dr A. E. Pierce to be electrophoretically complex, a modification of Rowland’s (1938) method 
was used. Total N, non-casein N (casein precipitated at pH 4-6) and non-protein N (protein 
precipitated by 15 % trichloroacetic acid) were determined and casein and non-casein protein 
obtained by difference. Inorganic phosphate was determined in trichloroacetic acid filtrates 
and casein P in sulphuric acid digests. by the method of Fiske & Subbarow (1925) or of 
Berenblum & Chain (1938). The N:P ratio of casein was 19-22 on a weight basis, which is 
close to the accepted figure for bovine casein. 

When we used **P, the activities of the reduced phosphomolybdate extracts of plasma, 


- milk and casein were determined in a liquid counter and the specific activity expressed as 


counts/min/yg P. Although casein was not defatted subsequent tests indicated that the 
likely error due to the presence of phospholipid P in determinations of casein specific activity 
was of the order of 10% or less. In the conscious goat, we found that milk phospholipid is 
labelled much more slowly than casein and thus contamination with phospholipid would 
reduce casein values. | 


RESULTS 

The majority of the results were obtained with the technique described 
in the Methods. We give the results of recent experiments separately 
because the technique has been modified in the light of our findings and the 
results have been better. 

In most experiments the milk yield generally increased or remained 
constant during the first 3-4 hr, and thereafter declined. This pattern of 
secretion raises the problem of comparing experiments in which milk was 
secreted for different lengths of time. Although the hourly yield can be 
satisfactorily expressed as a percentage of previous yield, to do this for the 
total milk obtained in the experiment may be misleading, because experi- 
ments where milk was secreted for only a short time (4—6 hr) appear better 
than much longer ones. We have, therefore, expressed the total milk yield 
in ‘hoursworth’, which is the total yield divided by the average hourly 
yield during the 3-7 days before the perfusion. This represents the time 
previously required to secrete the volume of milk obtained during the per- 


fusion. An hourly secretion rate of less than 5 % has been arbitrarily taken 
as Zero. 


Milk secreted without added substrates 


Glands perfused entirely without substrates produced about 1-1 ‘hours- 
worth’ of milk, of which 0-8 ‘hoursworth’ was obtained in the first 2 hr, 
even though they were carefully milked out with oxytocin at the start of 
perfusion. For example, glands giving 20 ml./hr before the experiment 
gave on average 16 ml. in the first 2 hr (40%/hr) and 6 ml. thereafter. After 
the 4th hr the yields were generally negligible (Fig. 2). These facts suggest 
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of Fig. 2, Observations made on two glands (from one goat) perfused entirely without 
at substrates, weighing 420 g (L) and 430 g (R) and yielding 28 and 31-5 ml./hr before 


perfusion. Marked oedema developed late in the experiments and the final secretion 
resembled tissue fluid (cross-hatched). Final weights 680 and 635 g. Glandsremoved 
st under epidural anaesthesia (anoxic period 5 and 3 min) and perfusion started at 0 hr. 

é‘ Composition of milk secreted for 3 days before the experiment indicated by inter- 
rupted lines. Ordinate scale, except where marked, g/100 ml. 
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either that the milk obtained was preformed or that the tissue had con- 
siderable stores of available energy and milk precursors, or both. The 
composition of the first 2 hours’ milk was not significantly different from 
that produced before the experiment. The very small quantity of milk 
obtained after 2 hr showed declining lactose and fat concentrations but the 
casein and ash remained normal until about the 6th hour (Fig. 2). In 
our preliminary experiments testing various perfusates we also regularly 
obtained about 1 ‘hoursworth’ of milk in perfusions lasting 4-8 hr, 
when only small amounts of acetate and glucose but no amino acids were 
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Fig. 3 (a, 6). Relation between milk obtained during perfusion and the mean 

‘blood’ flow (a) first 2 hr of perfusion; (b) after 2nd hour. (c) Relation between milk 

yield after the 2nd hr and the total substrates added. Glands given substrates @; 

glands given nothing ©. The regression lines have been calculated from the data, 

— in (6) for the amount of substrates given and in (c) for the mean ‘blood’ 
ow. 


Effect of adding substrates 


I nitially. Glands given substrates produced no more milk in the first 2 hr» 
(0-8 “hoursworth ’) than those given none but they continued to secrete for _ 


longer (Figs. 3-7), so that the average yield after the first 2 hr was 
1-66 + 0°87 ‘hoursworth’. In these experiments secretion continued to be 
above 5% of the normal yield for 12+3 hr. The composition remained 
essentially normal for most of this period (Table 1). Lactose and fat con- 
centration fell in some cases, generally terminally, but casein and ash did 
not. Indeed, proteins and total solids sometimes rose towards the end of 
perfusion, possibly in association with a hypertonicity of the perfusate at 
this stage due to large quantities of added substrates. The fat content 
varied more than the other components, but this was also seen when con- 
scious goats were milked hourly after oxytocin. It is well known that the 


Substrates added 


= 
: 
‘ 
a 
4 
LE 
| 
4 


MILK SECRETION BY PERFUSED MAMMARY GLAND 557 


fat concentration increases in successive portions of milk drawn off during 
a normal milking in ruminants and, unless oxytocin is injected, about 


15% of the milk is left behind, with a fat concentration of 2-3 times normal. 


This probably accounts for the high fat content of the milk removed:at the 
“start of perfusion (Figs. 2, 6, 7). 


Substrates added 
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Fig. 4. Milk secreted in two experiments where one of each pair of glands was given 
substrates from the start (black) and the other starved initially (white). (a) Glands 
weighing 402, 434 g yielding 16 ml./hr before the perfusion. Final weights 438 and 
435g. Glands removed under epidural anaesthesia. (Anoxic periods 17 and 19 min.) 
(6) Glands weighing 661, 775 g yielding 10 and 13 ml./hr previously. Final weights 
812 and 1080 g. Glands removed under epidural anaesthesia. (Anoxic periods 
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The milk yield after 2 hr varied considerably (from 3-88 to 0-35 ‘hours- 
worth’), and we have been able to correlate this with two factors. First, 
there was a strong positive correlation between the milk yield after 2 hr 
and the mean ‘blood’ flow during the same period (P < 0-05), including 
experiments where the flow fell at an early stage from a known cause, 
such as embolism (Fig. 3b). Secondly, the milk yield was related to the 
total amount of substrates added throughout the perfusion (Fig. 3c) 
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Fig. 5, The rate of incorporation of radioactive P from the ‘plasma’ ( x ) into milk 
* inorganic P (@) and casein (©); the specific activity of inorganic P of tissue at end 
of perfusion (T); lymph (+). (a) Gland weighing 700 g yielding 36 ml./hr before 
the experiment perfused with the animal’s own blood plus BOL 1 pg/ml. Removed 
under general anaesthesia (anoxic period 11 min). (b) Gland weighing 520 g yielding 
only 5 ml./hr before experiment perfused with albumin-Krebs’s sdlution plus homo- 
logous red cells against which the animal had been immunized. The final specific 
activity of the milk and tissue of the opposite gland (previous yield 19 ml./hr) was 


50% of the ‘plasma’ level. Glands removed under epidural anaesthesia (anoxic 
period 5 min). 


expressed as the amount of milk (in ‘hoursworth’) which this quantity 
could theoretically make (P < 0-05). This has been tested over a large 
range of amounts of substrate offered only for glands that previously had a 
’ fairly low yield (< 20 ml./hr). High-yielding glands were given relatively 
low amounts of substrate in most cases, but within these limits the re- 
lationship still held. Although it is unfortunate that in the preliminary 
work we could not always maintain fully normal ‘blood’ flows throughout 
perfusion and did not always add optimum amounts of substrates, never- 
theless the apparent dependence of milk yield on these variables strengthens 
the belief that the glands were synthesizing under these conditions. 
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Fig. 6. Observations made in an experiment where one gland (L) was initially 
starved of acetate and glucose (10 % of normal level) and given normal amounts of 
amino acids, compared with the other gland given normal substrates throughout 
(R). At the arrow normal substrates were given. Glands weighing 550 g each and 
yielding 36-5 (L) and 34-5 (R) ml./hr before the experiment. Final weights 600 g 
(L) and 700 g (R). Glands removed under general anaesthesia (anoxic period 1 and 


8 min) and perfused from 0 hr. Non-protein N, mg/100 ml.; 
**P specific activities: Inorganic P of ‘plasma’ (x ), milk (@) and final tissue (T). 
Casein P (0). 


remainder g/100 ml. 
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During perfusion. Milk secretion can be stimulated by adding a sub- 
strate mixture 2-4 hr after the beginning of perfusion. Figure 4a illu- 
strates an experiment in which one gland was given substrate from the 
beginning, whereas its fellow received none until after 4 hr perfusion. The 
milk yield of the starved gland fell to a minimum at 3-4 hr, and then 
increased in response to substrates and was maximal at 7 hr, after which 


previous 
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Fig. 7. Results of perfusing two glands (black L and white R) from one goat with 
dialysed defibrinogenated plasma-Krebs’s solution using an artificial kidney. The 
‘blood’ flow for the R, side, interrupted lines; adenosine 100 mg was injected intra- 
arterially at the arrow. After 14 hr lymph flow was not measured but allowed 
to return to the perfusate. Oedema was observed at 7 hr. 

Glands weighing 540 g (L) and 240 g (R) yielding 38 (L) and 9 (R) ml./hr before 
the experiment. Final weights 1152 (L) and 650(R) g. Epidural anaesthesia 
(anoxic period 15 (L) and 10 (R) min). 

Theoretically sufficient substrates run in to make 260 ml. (L) and 120 ml. (R) 
of milk; after the second hr 243 (L) and 92 ml. (R) were obtained. 

Mean composition of milk 3 days before experiment indicated by horizontal 
broken lines. Ca and non-protein N, mg/100 ml; remainder g/100 ml. 


the yield was identical with that of the fully fed gland. The total yield on 
the initially starved side was lower than that on the fed side. A similar 
experiment (Fig. 4b), in which substrates were added after an initial per- 
fusion of 2} hr, also showed the stimulation effect but in this case the total 
yield was not markedly reduced, compared with the other gland from the 


4 
: 3 16 
120 
< 04 60.3 
15 20 § 
v J 


16Z SsI C61 L8I LLI 19% PPI LOZ ‘a's 
199 I9L 646 £86 888 168 LIL OIL Z89 AW. 00T/3U1) 
L88-0 L88-0 €Z0-1 116-0 SOL-0 LOF-0 88-0 ‘a's 9001/3) 
€Z0-1 €10-I 68-0 816-0 ~ L88-0 LL8-O I9L-0 €£9-0 I1¢-0 006-0 L09-0 ‘a's (“yar 9001/3) 
6FE-Z 069-T 002-2 €19-Z baad LOT-Z 196-1 908-2 CZL-0 a’s 
16-€ 66-E L8-€ 6L-E 98-¢ L¥-8 SI-F “Ay (‘Tar 00T/3) 
289-0 1¢¢-0 6LL-O OFL-O L06-0 0ZE-0 $9F-0 ‘a's (‘Tur 9001/3) 
19-F 9F-¢ 6F-¢ CFS 80-¢ ‘AY 080308] 
— €-L L-L 9-01 0-91 8-1Z L-61 9-8E — (snotaoid jo %) 
0-¢> 0-8> 0-61 G-LZ 0-0F 0-0F 0-601 ‘AY 
OI 6 ~ L 9 € if 


MILK SECRETION BY PERFUSED MAMMARY GLAND 561 
N 
= 


j 
| 
| 
| 
| 
| 
| 
| 
| 
| 
| a 
| 
| 
| 
| 
| 


562 D.C. HARDWICK AND J. L. LINZELL 


same goat. Comparisons such as these of the two glands from one goat 
give more precise information, because the within-goat variation of 
‘blood’ flow and milk yield corrected for ‘blood’ flow is less than half the 
between-goat variation. | 


Perfusion of glands removed post mortem 


In five experiments the animal was killed before removing the glands. 
This was done when we thought that removal under general anaesthesia 
might be detrimental to subsequent perfusion (see Methods). The results 
are quoted since the conditions are more comparable to those under which 
cows’ udders from the slaughterhouse are perfused, in that the period 
between killing the animal and starting perfusion was 60-120 min (mean 
90). On the other hand, cows killed in slaughterhouses are usually deprived 
of food and often of water and may be acutely distressed, whereas our 
goats were killed within a few minutes of removal from their normal 
environment. Three animals were killed in 12, 13 and 90sec by rapid 
intravenous injections of pentobarbitone, one by a large CO, embolus 
(about 60 sec) and one by shooting through the head and subsequently 
bleeding (3 min). In two out of three pentobarbitone-killed animals the 
milk yields of the four glands were only 0-2, 0-1, 0-6 and 0-7 ‘hoursworth’ 
in all, and this was all obtained in the first 3 hr; in the third animal more 
was Gbteined it the Gret hour but none thereafter. In the animal 
killed by embolism 0-9 and 1-2 ‘hoursworth’ of milk was obtained. The 
glands of the shot animal gave 0-7 and 1-7 ‘hoursworth’, but assessment 
was difficult because the milk was bloody from the start. However, none 
of these yields is significantly different from those of starved glands re- 
moved under epidural anaesthesia. 


Secretion of radioactive phosphorus 


Additional evidence about the formation of milk during perfusion was 
obtained by experiments in which labelled inorganic phosphate was added 
to the perfusate. There is much evidence that plasma inorganic phosphate 
is the main source of milk inorganic and casein phosphate in the whole 
animal (Folley, 1956). If this is true during a perfusion when radioactive 
inorganic phosphate is present in the perfusate, then at equilibrium the 
phosphate compounds in milk and tissue should have the same Bpectiic 
activity as the ‘plasma’. 

In five cases the isotope was added as **PQ, in Krebs’s solution at the 
start of perfusion, producing a high initial specific activity of ‘plasma’ 
inorganic phosphate. The equilibration with the tissue was slower than 
expected. The ‘plasma’ specific activity at first fell rapidly (half-life 
30-45 min) and thereafter more slowly (half-life 6-12 hr), partly owing to 
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the non-labelled P in the substrates being run in. In three other experi- 
ments we tried to keep the ‘plasma’ level constant by infusion of inorganic 
%P. The results were similar in all experiments. In the first 2 hr, whatever 
the ‘plasma’ level, the milk specific activity was always very low, and that | 
of casein negligible, in spite of the addition of adequate substrates. This 
confirms that initially milk is formed from metabolites already in the tissue 
at the time of removal from the animal. 
After 2 hr increasing concentrations of radioactive P appeared both in 
the milk inorganic P and, 1-2 hr later, in the casein P (Figs. 5a and 6). 
This occurred over a period of 5-8 hr. In three experiments the specific 
activity of the milk inorganic P and the casein P rose to equal the level of 
the ‘plasma’ inorganic P, thus showing that these milk constituents must 
have been formed from ‘plasma’ precursors. In the remainder, the milk 
inorganic P rose to only 50-90 % of the ‘plasma’ level and the casein P to - 
somewhat less. However, the tissue specific activity of inorganic P at the 
end of these perfusions was always nearly equal to that of the milk in- 
organic P, but was somewhat lower than that of the ‘plasma’. In an 
experiment where the milk yield of one gland before perfusion was very 
low (5 ml./hr compared with 19 ml./hr from the other), even after 9 hr the 
milk and tissue inorganic phosphate specific activity was only 22 % of the 
‘plasma’ level, which had been kept reasonably constant (Fig. 5b). In this 
experiment lymph was collected in three 3-hr samples and in each case 
the specific activity was midway between that of milk and ‘plasma’, 
suggesting that there was a release of un-labelled phosphate in the tissue. 
In another experiment, where the ‘plasma’ specific activity was kept 
constant, the glucose and acetate in the substrates given to one of the glands 
were reduced to 10% of the normal level. The milk yield from this gland 
was only 7 °% of normal in the third and fourth hours and the incorporation 
of *P into the milk was also low. After the fourth hour acetate and glucose 
were added at a normal rate. The milk yield increased immediately and — 
was greater than the control at 6-8 hr. The incorporation of **P into the 
milk also increased sharply and actually reached equilibrium with the 
plasma before the control gland (Fig. 6). 
Substrates and hormones necessary for milk secretion in vitro. At the start 
of this work we used a solution containing glucose, acetate, B-hydroxy- 
butyrate, 20 amino acids, Ca and P (see Methods) together with insulin, 
thyroxine, and a bovine or goat anterior-pituitary extract or growth 
oe, as the literature suggested that all these might be needed. 

ubsequently we omitted the hormones without observing any apparent 
reduction in milk yield. Although the experiments were not planned for 
Statistical analysis, this was found possible by dividing the majority into 
the fcllowing groups: (a) substrates alone (i.e. glucose, acetate, B-hydroxy- 
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butyrate and amino acids), (6) substrates and thyroxine, (c) substrates, 
thyroxine, growth hormone and insulin, (@) substrates, thyroxine, insulin 
and miscellaneous substances. Multiple variant analysis by J. G. Rowell 
showed that, when blood flow and substrates given were allowed for, there 
was no significant difference between these groups, though there was 
between them and a further group when no substrates were given (P < 0-01). 
Thus no clear benefit has been found from the addition to the perfusate 
(per hour) of glycerol 40 mg, propionate 40 mg, fumarate 40 mg, goat plasma 
2 ml., emulsified fat 0-5 g, Mg 0-3 mg, insulin 0-5-1 u., growth hormone | mg, 
thyroxine 0-1—0-5 mg, cortisol 3-10 wg, aldosterone 10 yg, prolactin 0-5 mg, 
ascorbic acid 200 yg, or a crude anterior pituitary extract (equivalent to 
0-3 g), in various combinations. Furthermore, no more milk was secreted 
in experiments, where we perfused with plasma + BOL (see Methods) or 
with dialysed plasma instead of albumin-Krebs’s medium or in experiments 
where we added 25—50 ml. of the tissue-culture fluids Nos. 199 and 858 of 
Parker (see Biggers, Rinaldini & Webb, 1957). Recently we have also 
omitted B-hydroxybutyrate without detriment. 


Gaseous exchanges 


Metabolism of perfused cows’ udders has been studied elsewhere in 
measuring the arteriovenous differences of O, and CO, and the R.q. of 
glands receiving different substrates and hormones. However, the O, 
consumption has not always been estimated because the blood flow was not 
reported and the relationship of the gaseous exchange to the rate of milk 
secretion has not been assessed. This has now been done for the perfused 
goat udder. 

In conscious lactating goats the O, uptake varies from 2: 34 + 0-87 ml. | 
100 g/min to 1-42 + 0-4 according to the milk yield and is 1-09 + 0-3 in dry 


goats. The B.Q. is 1-24 + 0-23 at all times during lactation and 1-01 in dry 


non-pregnant animals (Linzell, 1960a). The characteristically high R.Q. 
is a well known feature of functioning mammary tissue (Folley, 1949, 
1956) and is generally accepted as indicative of fat synthesis. 


In the present perfusions it was found that the arteriovenous differences 


tended to be inversely related to the rate of blood flow, whereas the O, 
uptake was often directly related to it. The latter is to be expected, 
because at very low flows large areas of the glands were not being perfused 
(see Methods). Nevertheless, the average figures are substantially in agree- 
ment with the other results as indicative of metabolic activity. 

In the first 2 hr of perfusion, when the blood flow was generally in- 
creasing after the initial low level, the mean O, uptake was 0-79 + 0-42 ml./ 
100 g/min in glands receiving substrates, and 0-25 and 0-78 in two glands 
receiving none. The R.Q. was in the range of 1-07—1-87 in all cases. 
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In the period 2-6 hr glands still getting no substrates removed O, at a 
similar low rate, 0:53 + 0-35 ml./100 g/min and although the average B.Q. 
was about 1, figures of 0 and oo were actually obtained. In the pre- 
liminary experiments on the basic perfusate, when the glands were given 
small amounts of glucose and acetate only, although the average R.Q. was 
1:32, the O, uptake was only 0-5 ml./100 g/min. By contrast, glands 

receiving the full substrate mixture had an average R.Q. of 1-5+0-75 
and O, consumption of 1-17 + 0-57 ml./100 g/min. After the 6th hour of 
perfusion, when milk secretion was declining in glands getting the full 
substrate mixture, the O, consumption fell to 0-79 + 0-64 and the R.Q. to 
126+0-28. 


Results with a modified technique 


When sufficient substrates are given to higher-yielding glands the 
possibility arises of reaching unphysiologically high concentrations of the 
substances added. We have evidence from three experiments suggesting. 
that this may actually inhibit milk secretion. We have therefore introduced 

an artificial kidney into the circuit. This consisted of 10 m of 4 mm dia- 
meter dialysis tubing (Visking) in 201. of Krebs’s solution, containing 
amino acids, glucose and acetate at normal plasma levels and inserted 
between reservoir B and pump B (see Methods). In addition, we have used 
dialysed defibrinogenated plasma (Kekwick & Mackay, 1954) instead of 
albumin because frothing was less with the globulins present. | 
{ With these modifications we have obtained normal ‘blood’ flows 
throughout perfusion in six glands and the milk yields after the second 
hour have been 2-85—10-2 ‘hoursworth’ (average 6-0) in experiments lasting 
11-27 hr (average 16-6). The best result is shown in Fig. 7. We are now 
using this modified or in biochemical studies. 


DISCUSSION 


It is clear that in the study of milk secretion some problems can be most 
surely decided by perfusion experiments. This is reflected in the use of 
cows’ udders from slaughterhouses by a number of laboratories, but only 
Tindal (1957) has compared the yield of milk obtained during the perfusion 
with that of the glands before the experiment. Since we have the facilities 
for doing this and for comparing the metabolic activities of perfused goats’ 
udders with the glands of conscious animals from the same herd, our 

‘Tesults should be of general interest. 

_ The two most important questions to be answered are: 

¢ (1) How much of the milk obtained during perfusion is synthesized from 

Precursors supplied ? 
37 
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(2) Is this sufficiently near the normal in quantity and quality to 
provide valid biochemical information ? 

In answer to the first question we find that little or none of the milk 
obtained in the first 2 hr is formed from added precursors but that later 
_an increasing proportion is. In answer to the second question our results 
show that after the first 2 hr an average rate of milk secretion of 50 % for 
about 10 hr may be expected, provided that a normal blood flow is main- 
tained and adequate amounts of substrates are given. The dependence of 
the milk yield on these two factors, which control the substrates available 
to the secretory cells, together with the fact that an increasing proportion 
of radioactive atoms are incorporated from the perfusate into the milk 
during this period, show that the preparation is behaving in a reasonable 
manner and is as suitable for biochemical studies as the tissue slice. 

Associated with the reduced rate of milk secretion during perfusion are 
lower rates of lymph flow and O, consumption. Furthermore, the relation- 
ship in the majority of experiments between the amount of milk formed 
and the total substrates added shows that the perfused glands were only 
15 % efficient and about 20 % of the glucose taken up could be accounted 


| for as lactose. However, in the recent experiments with an artificial 


kidney, where fully normal blood flows were obtained, the over-all 
efficiency was about 50% and about 35 % of glucose could be accounted 
for as lactose. This may be compared with an over-all calorie efficiency of 
80 % in the conscious goat and transference of 50 % of glucose to lactose 
(Linzell, 1960a). It is interesting that guinea-pig mammary-gland slices 
transform 13% of the glucose to lactose in 1:-5hr (Venkataraman & 
Reithel, 1957). | 

Although functional normality can only be finally decided by a detailed 
investigation of specific pathways, the simplest hypothesis at this stage is 
that the whole metabolism of the perfused gland is reduced. This may be 
due to each secretory cell working at a lower rate, or to fewer cells, each 
working normally. A reduction of blood flow generally means that areas 
of the gland are not being perfused adequately, so that fewer cells 
are functioning. When the blood flow is normal the milk secretion is 
generally still reduced, and since there are probably few arteriovenous 
anastomoses in the secretory tissue (Linzell, 1960a) this would suggest 
that all the cells are adequately supplied with substrates but are meta- 
bolizing at a reduced rate. 


Although the oxygen consumption is generally reduced, when glucose. 


and acetate are available the R.Q. is over 1, as it is in the conscious animal, 
and has been reported to be under similar conditions in the perfused cow’s 
udder (Peeters & Massart, 1952). It should be pointed out, however, that 
the calculation of the r.Q. from instantaneous arteriovenous samples can 
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give misleading figures (0-4-3-76 in fed glands and 0-co in starved ones) 
and, clearly, integrated measurements of the O, consumption and the R.Q. 
are desirable. 

It is not easy to determine precisely in each experiment how much of 
‘the milk obtained in the first 2 hr is preformed and how much is synthesized _ 
from tissue stores during perfusion. However, in four short preliminary 
experiments we found that after milking thoroughly with oxytocin 
1-5—6-5 % of the weight of the tissue is milk on the basis of lactose estima- 
tion (it is immaterial whether this is in the cells or the alveolar lumina). 
Thus in spite of the thorough emptying of the glands with oxytocin at the 
start of perfusion, we can calculate from the weight of the tissue and its 
previous yield that most of the milk obtained in the first 2 hr could have 
been preformed. The appearance of radioactive P in the milk and casein 


does not help to decide how much is being synthesized in the first 2 hr, 


because of slow equilibration between perfusate and tissue, possibly 
associated with low initial blood flow. Nevertheless, the very small 
quantities of the isotope recovered in the milk in this period must be 
stressed. This, together with the fact that milk is obtained whatever the 
blood flow and whether or not substrates are present, shows that this 
initial period is not the most useful biochemically. 

Therefore our results suggest that perfusion of cows’ udders should be 
prolonged further than the usual 1-2 hr and that the milk obtained after this 
period should be analysed for isotopes. It is desirable in assessing the results 
to know not only the previous milk yield and the mean blood flow during 
perfusion but also the requirement of the gland for substrates, which may 
be calculated from the milk yield. The compositions of goat and cow milk, 
which are similar, indicate that about 4 g amino acids, 5 g glucose and 5 g 
acetic acid are required to form 100 ml. of milk exclusive of energy require- 
ments, Measurements made in conscious goats (Linzell 1960a) show that 
in fact rather more glucose (10-3 g) and less acetate (3-2 g) are taken from 
the blood by the glands. Applying these figures to the work on lactose 
synthesis of Wood, Schambye & Peeters (1957), who added no amino 
acids, we find that.the acetate and glucose added would make less than 
100 ml. of milk. And yet in their perfusions, lasting 2-2} hr, 140-1420 ml. 
of milk were obtained. Clearly these glands were synthesizing from tissue 
stores. The weight of tissue and the milk yield of cows’ udders is so great 
that in many cases the problems of perfusing and of supplying sufficient 
substrates would bring the technique almost into the realm of chemical 
engineering. 


_ An additional problem in the use of cows’ udders is that they are usually 


obtained post mortem. The few experiments we have done in this way on © 


the goat have not yielded significant amounts of milk after 2hr. One 
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obvious factor is the long period of anoxia during preparation of the glands 
(1-2 hr in our experiments), but there may be others. Cooled glands 
removed from anaesthetized goats have withstood up to 27 min anoxia 
without detriment, so that the use of glands removed post mortem should 
be reinvestigated in both cows and goats. 

The minimum substrate mixture necessary in our experiments has con- 
sisted of 20 amino acids, glucose, acetate, Ca and PO,. The fact that we have 
been unable to demonstrate a beneficial effect of adding other components 
may mean that normal mammary tissue has a large store of hormones and 
of some substrates, that substances not investigated control the termina- 
tion of the experiment, or that some of the substances tried blocked the 
beneficial effects of others. The gland, indeed, has considerable stores. For 
example, there is good evidence that neutral fat, in addition to acetate, 
is removed by cows’ and goats’ udders for fat synthesis. But the total 
milk fat concentration remained normal during most perfusions when no 
neutral fat was added and when it was, in two experiments, there was no 
benefit. In the whole animal labelled tristearin does not appear in the 
milk for 4-12 hr (Glascock, 1958), suggesting the existence of a large 
mammary store. However, in some experiments the fat content did fall 
markedly (e.g. Fig. 6) and in others the amount detectable in the cells at 
the end of perfusion was sometimes very low. Perhaps in such cases 
neutral fat would have been beneficial. 

There may also be large stores of hormones in the tissue and possibly 
in the perfusate. Growth hormone and thyroxine stimulate secretion in 
the whole animal but have had no consistent effect in our perfusions, 
although, in two experiments, thyroxine and, in one, growth hormone have 
apparently stimulated one gland compared with the opposite gland. It is 
perhaps to be expected that the tissue has stores of hormones, because the 
half-life in the animal is long in relation to our perfusion. In the cow the 
half-life of thyroxine is 2-5 days (Pipes, Premachandra & Turner, 1959) 
and we have evidence from a decerebrate goat that it may be some hours 
for growth hormone. In the goat, section of the pituitary stalk cuts off 
much of the blood supply to the pituitary and the resulting necrosis causes 
a functional hypophysectomy (Daniel & Prichard, 1958). We have found 
that necrosis occurs after stalk section during decerebration, and in a 
lactating decerebrated goat followed for 25 hr milk secretion did not fall 
below the previous yield until after 8 hr. 

To make more complete studies of milk secretion in S inslated glands, 
particularly in relation to substances of which they have large stores, it is 
thus clearly desirable to increase the functional life to at least 24 hr in 
every experiment. This may be possible because the glands continue to 
remove QO, and substrates after milk production has ceased. At present 
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the limiting factors are certainly multiple. However, the accumulation of 
toxic factors such as ammonia and urea would not seem to be involved 
because changing the perfusate completely at 6 hr in one experiment when 
the yield was still 20% did not produce any noticeable improvement. 


Nevertheless, irreversible changes may have already occurred. The incor- 


poration of an artificial kidney into the apparatus reduces the chances of 
this because it increases the effective volume of the perfusate for small 
molecules 20 times. It is important, however, to note that glucose and 
acetate diffuse through such membranes more slowly than Na+ and there- 
fore tend to accumulate in the perfusate. Further, diffusible substances 
from the tissue may be reduced in concentration to below a critical level. 
The recent good experiments indicate that this is not at present a problem, 


although in preliminary experiments with the kidney a marked terminal 


fall in milk lactose was associated with a low terminal tissue uridine mono- 
phosphate concentration. 

Since we have no evidence of toxic accumulations it may be that secre- 
tion stops because some unknown factors are lacking. Glands perfused 
with plasma, dialysed plasma or 5-10 % of plasma or tissue culture fluid 
in the perfusate did not secrete more milk. Again, this does not rule out 
the lack of a metabolite with a high rate of utilization which we have not 
added or added at too low rate. 

Finally, our results show that the perfused mammary gland is capable of 
yielding useful information about metabolism if the results are interpreted 
with caution. For a proper assessment of any experiment it is necessary to 
know at least the previous milk yield, the mean blood flow during per- | 
fusion and the exact quantities of substrates needed, given and used. 


SUMMARY 
1. Goat udders removed under anaesthesia have been perfused with 


washed homologous goat red cells in Krebs’s medium plus albumin or 


albumin and globulin for up to 27 hr. 
2. In glands perfused entirely without substrates the mean blood flows 
throughout perfusion were in the normal range for conscious goats: 40 % 


of the hourly milk yield before the experiment was obtained in the first 
2hr but very little after that. After 2 hr lactose and fat concentrations 


fell but that of casein was maintained or tended to rise. 

3. When a substrate solution of glucose, acetate, amino acids, Ca and P 
was run in during perfusion, significantly more milk was obtained after 
2hr and secretion remained above 5 % for a further 2-25 hr. Milk com- 
Position generally remained essentially normal. 

4. After the second hour the milk yield was related to the amount of 
substrates added and, even after 4 hr starvation, glands responded to their 
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addition. The milk yield was also related to the mean blood flow and the 
difficulties of keeping this in the normal range are discussed. The average 
milk yield for all levels of blood flow and substrates added was 17 % of the 
previous level, but when normal flows are maintained and adequate sub- 
_ strates given an average of 50 % may be expected for some hours. 

5. Inorganic *2PO, added to the perfusate did not appear in milk 
inorganic PO, in significant quantities in the first 2 hr and was not maximal 
until 5-8 hr. **P appeared in casein 1-2 hr later but reached 50-100 % of 
the milk and tissue inorganic PQ, specific activity. 

6. No consistent benefit was observed from adding many other sub- 
strates or hormones, but other oe affecting the perfusion are 
discussed. 

7. We conclude that the glands when removed have a large store of 
substrates and possibly hormones and that only the milk produced after 
_ 2 hris formed from added precursors. The uptake of **P confirms that milk 
obtained later is so formed. Mean blood flow and the quantity of sub- 
strates needed and given must be allowed for in —" milk yield during 
perfusion. 
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Our present knowledge of how mammalian retinal ganglion-cell receptive 
fields are organized is based mainly on findings in the cat by Kuffler 
(1953). These results have since been confirmed and extended (Barlow, 
FitzHugh & Kuffler, 1957; Hubel, 1960; Wiesel, 1960), but up to now similar 
studies have not been made in primates. The retina of the monkey is of 
interest; since in most species, including Ateles (spider monkey) and 
Macaca mulatta, it is deeply pigmented and has a well defined fovea. It 
appears to be much closer to the human retina than to that of the cat, 
which has a highly reflectile tapetum and lacks a fovea. The purpose of this 
report is to describe the receptive fields of single optic nerve fibres in the 
spider monkey. In view of the monkey’s ability to discriminate colours, 
some observations were also made on ganglion cell responses to mono- 
chromatic stimuli. 


METHODS 


The four young spider monkeys (8-10 lb., 3-6—4-5 kg) in this study were prepared in a 
_ manner similar to that described for the cat (Hubel & Wiesel, 1959). An animal was anaes- 
thetized with thiopental sodium and light anaesthesia was maintained throughout the 
experiment. The head was placed in a Horsley—Clarke stereotaxic instrument designed to 
_. permit stimulation of almost any part of the visual field (Talbot & Marshall, 1941). The eyes 
were immobilized with the muscle relaxant succinylcholine: this made it necessary to use 
artificial respiration. The eyelids were held open and contact lenses protected the corneas. 
The pupils were dilated and accommodation was relaxed with atropine. A slit retinoscope 
was used to determine the correct supplementary lenses for focusing the eyes on a screen 
at @ given distance. 


The animal faced a large tangent screen, This was generally placed 1-5m y Seon the monkey, 
but for the smallest stimuli it was moved to a distance of 10m. A distant tungsten lamp 


supplied a diffuse background light which produced on the screen a variable luminance of 
up to 2-0 log,, cd/m*. Circular or annular spots provided by a tungsten projection lamp could 
be shone on different parts of the screen. The maximum spot luminance was 3-0 log,, cd/m’. 
Stimulus spots were adjusted in intensity with an iris diaphragm so as not to exceed 
the background by more than 2 log;,) units. At 10 m distance spots were obtainable sub- 
tending angles down to about 20 sec of arc, equivalent to about 2, on the retina. Fifteen 
interference filters (Farrand Optical Co., New York, N.Y.) ranging from 400 to 700 my with 
a band width at half maximum transmission of 25-50 mp, were used to obtain coloured 
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stimuli. ‘The coloured lights were not calibrated for equal energy, but this was not necessary 


for the observations to be described. 


By a projection method points corresponding tothe optic disk and the fovea were mapped 
out on the screen. An ophthalmoscope was designed which permitted direct vision of the 
fundus by means of a small spot of light. This spot was directed through the centre of the 
pupil at the fovea or optic disk and the instrument was locked in. position. The ophthalmo- 
scope shone a second beam in a direction exactly opposite to the retinal beam, making a 
small spot on the screen. The position of this spot then corresponded to the illuminated 
retinal point. Points on the screen could thus be specified with reference to the fovea and 
the optic disk, and points on the retina were stimulated by illuminating the corresponding 
points on the screen. The correspondence could be verified by illuminating a point on the 
screen (e.g. that corresponding to the optic disk) and observing the retina directly with an 
ordinary ophthalmoscope through a half-silvered mirror placed at 45° in front of the eye. 

Regions in the visual field which gave ‘on’ or ‘off’ (excitatory or inhibitory) responses to 
illumination were marked on sheets of paper fixed to the screen. These provided permanent 
records of the size and shape of the receptive fields and of their position with respect to the 
fovea and the optic disk. 

Single fibres were recorded from the optic nerve with tungsten micro-electrodes (Hubel, 
1957). Cathode-follower input and a condenser-coupled pre-amplifier were used in a con- 
ventional recording system. In preliminary experiments, not included in this series, the 
nerve was approached under direct vision from below by a transpharyngeal route and from 
above by removing one frontal lobe. Both procedures proved tedious, and neither gave 
good stability. The method finally adopted was a modification of a technique used for 
single-unit recording within the brain of the unrestrained animal (Hubel, 1960). The nerve 
was approached from above through the intact brain. A closed system was used to lessen 
vascular and respiratory pulsations. A hydraulic micro-electrode positioner was oriented 
by Horsley—Clarke stereotaxic methods. The co-ordinates of the optic nerve were determined 
from the position of the bony optic foramen, using the average from several spider monkey 
skulls. During the actual experiment a small hole was made in the skull and an 18-gauge 
steel tube attached to the positioner was lowered through the brain until its tip was several 
millimetres above the optic nerve. The space between the tube and the skull was sealed 
with dental-impression cement. The electrode, held within this outer tube by an insulated 
26-gauge hollow needle, was then hydraulically advanced until it entered the optic nerve. 


RESULTS 


One hundred and twelve optic nerve fibres were studied. In the light- 
adapted state all fibres showed maintained activity; that is, they dis- 
charged impulses in the absence of any stimulus besides the steady uniform 
background light. No systematic observations were made in the dark- 
adapted state. Firing patterns resembled, at least superficially, those 


‘described for the cat’s ganglion cell by Kuffler, FitzHugh & Barlow (1957). 


If a small spot. of light was projected on the screen one could always 


find a restricted area over which firing of a fibre could be influenced. This 


was termed the receptive field of the fibre. Receptive fields had the 
same general characteristics as those of the cat, described by Kufiler 
(1953). As in the cat, two main types could be distinguished, both 
concentrically arranged, one with an ‘on’ centre and an ‘off’ periphery, 
the other with an ‘off’ centre and an ‘on’ periphery. Records from an 
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‘off’ centre unit are shown in Fig. 1, and illustrate suppression of firing 
with an ‘off’ discharge in response to a centred spot, and an ‘on’ discharge 
in response to an annulus. Responses from the periphery of receptive 
fields were often difficult or impossible to elicit in the monkey when stimulus 
and background intensities were of the same order as those used in work 
on the cat’s retina. However, if both the stimulus and the background 
luminances were increased by about 2 log units, peripheral responses 
could usually be obtained. The influence of peripheral parts of receptive 


Fig. 1. Responses of an ‘off’ centre unit to restricted light stimulation. In each 
example the upper line indicates when the stimulus light is on. A, $° spotof light 
shone in the centre of the receptive field; B, annulus 5° in outside diameter, 2° 
inside diameter, with its centre over that of the receptive field. Receptive field 
located on the retina 28° above and 12° nasal to the fovea. Duration of stimuli, 
1-5 sec. 


fields could be demonstrated even with weaker stimuli, since it was 
always possible to decrease a centre response by simultaneous stimula- 
tion of regions outside the field centre. In Fig. 2 spots of successively larger 
size were used to stimulate an ‘on’ centre fibre. The smallest spot did 
not fill the centre (Fig. 2A), and it gave a response considerably weaker 
than that evoked by a second spot (B) which just filled the centre. A still 
larger spot invaded the periphery (C), and the response was now less 
marked than with the second. | 

_ The receptive fields studied were situated in various parts of the retina, 
ranging between 4° and 56° from the fovea. In any given penetration 
through the optic nerve from above there was a tendency for receptive 
fields of the first fibres recorded to be located in the lower quadrants of 
the visual field. As the electrode was lowered the receptive fields tended 
to be located higher and higher in the visual field. Otherwise, however, 
there was little order in the position of fields, and fields of successively 
recorded fibres were often separated by a considerable distance, in an 
unpredictable fashion. This is illustrated in Fig. 3 for a particular pene- 
tration in which 20 fibres were mapped. From this and other penetrations 
one had the impression that there was no very detailed topographical 
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representation in this part of the optic nerve, but only a coarse segregation 
of fibres from the different quadrants. 

The size of receptive field centres ranged from 4 min to 2° of arc. The 
gentres were mapped out by using spots of light which for each field were 
chosen so as to be small relative to the size of the centre. Relatively high 
background illumination (1-0 log,, cd/m? or more) was used to minimize 
effects of scattered light. No attempt was made to determine accurately 
the total extent of each receptive field, but there was little doubt that for 


Fig. 2. ‘On’ centre unit with receptive field 11° above, 4° nasal to fovea. Re- 
sponses to centred spots }°, $° and 4° in diameter. Duration of stimuli, 1-5 sec. 


most fields the total diameter was many times that of the centre. There 
was a clear tendency for receptive field centres near the fovea to be smaller 
than those in the periphery, although there was considerable variation in 
centre size at any given distance from the fovea. In Fig. 4 the diameters 
of 65 field centres are plotted against distance from the fovea. Both ‘on’ 
and ‘off’ centre units were well represented in the series. The number of 
units is too small to justify any conclusions about the preponderance of 
one type of field over the other. In particular, the apparent predominance 
of ‘on’ centre units over ‘off’ centre in the region near the fovea is of 
interest, but again, conclusions can hardly be drawn from such a small 
Sample. | 

In the present work there was no attempt to make a thorough study of 
responses to coloured stimuli. However, some preliminary results showed 
that there are ganglion cells which respond in specific ways to colour. An 
example is given in Fig. 5. In this unit a 2° spot of white light gave a weak 
response consisting of suppression of firing followed by a feeble ‘off’ 
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discharge (Fig. 5A). A decrease in intensity of the white light produced 
even weaker ‘off’ responses. With the light source intensity set as in 
Fig. 5A, a blue interference filter was placed in front of the projector. 
Each time the blue spot of light was shone on the screen it produced a 
strong ‘on’ response (Fig. 5B). Ifa red filter was substituted for the blue 
the firing was strongly suppressed during the stimulus-and this was 


' Fig. 3. Location on the visual field of receptive fields of 20 optic nerve fibres 
recorded in sequence as the electrode was advanced vertically from above through 
the left optic nerve. The vertical and horizontal lines represent the vertical and 
horizontal meridia; these cross at the fovea. The optic disk D is situated in the 
temporal field 20° from the fovea. The first unit, A, had its receptive field in the 
lower temporal quadrant of the visual field ; the last, B, in the upper nasal quadrant. 


followed by an ‘off’ discharge (Fig. 5C). It is clear that either filter 
greatly reduced the radiant flux of the light beam, yet the effects of the 
_ Stimulus were much enhanced. Moreover, the responses to stimulation 
with the two different colours were of opposite type. This was true 
regardless of stimulus intensity or spot size. Two other units studied with 
monochromatic light gave ‘on’ responses to wave-lengths shorter than 
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| Distance of field from fovea 
Fig. 4. Diameters of receptive field centres in degrees (logarithmic scale), plotted 
inst distance in degrees ofeach field from the fovea. x, ‘on’ centre units; 
A, ‘off’ centre units. % 


Fig. 5. Response of optic nerve fibre to.2° spot of light shone in centre of receptive 
field. Location of field, 7° below, 29° temporal to fovea. A, white light; B, same 
as A, but with blue interference filter (peak transmission 480 my) inserted between 
projector and screen; C, same as A, but with red interference filter (peak trans- 
mission 630 my) inserted between projector and screen. Duration of first stimulus, 


1 sec. 
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498 my and inhibition with ‘off’ responses for longer wave-lengths. With 
498 mp a very feeble ‘off’ response was produced. 

It is likely that the units with specific colour responses described above 
form a small minority of the population of optic nerve fibres, since a 
number of additional units studied with monochromatic stimuli gave 
centre responses of constant type, either ‘on’ or ‘off’, for all wave-lengths. 
In these white light gave brisk responses. In this type of ganglion cell, 
however, there were indications of some variability in the position of 
spectral sensitivity peaks from one unit to the next, suggesting that they 
too, conveyed information on colour. 


DISCUSSION 


From the results presented in this paper it is clear that in the monkey, 
- as in the cat, the receptive fields of retinal ganglion cells are of two main 
types, one with an ‘off’ centre and an ‘on’ periphery, the other with an 
‘on’ centre and an ‘off’ periphery. The antagonism between centre and 
periphery of a receptive field is generally not so complete that diffuse 
light is ineffective. 2 

Fields in the vicinity of the monkey fovea tend to have smaller centres 
than those in the periphery (Fig. 4). A similar finding has been reported 
for the cat (Wiesel, 1960). Differences between central and peripheral 
visual acuity in man may well be related to variations in receptive-field 
centre size similar to those found in the monkey and cat. In the present 
study the smallest centre was found for a receptive field 4° from the fovea; 
this had a diameter of less than 4 minutes of arc. No recordings were 
made from fibres with receptive fields in the fovea, but it is likely that 
even smaller field centres are present in this region, since there is less 
convergence in the pathway from receptors to ganglion cells in the foveal 
region than in other parts of the retina (Polyak, 1957). Our failure to 
find foveal fields is probably related to the small diameter of the macular 
fibres. Moreover, the macular bundle occupies a small part of the optic 
nerve, and could easily be missed in random penetrations. 

The cat has a highly reflectile tapetum behind the retina; in contrast, 
the retina of the spider monkey is deeply pigmented. With identical 
stimulus conditions it was generally more difficult to produce a response 
from the receptive-field periphery in the spider monkey than in the cat. 
However, it was found that by increasing the stimulus and background 
luminance by two logarithmic units peripheral responses could consistently 
be obtained. It is probable that the tapetum of the cat increases the 
effectiveness of the background illumination, and this may be necessary 
for the production of a good response from the periphery of the receptive 
field. It is known, for example, that the influence of the periphery on the 
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centre response becotnes more pronounced with increasing background 
illumination (Barlow al, 1957). 

Several authors have described responses of opposite type to stimula- 
tion with light of different colours. Svaetichin (1956) demonstrated mem- 
brane hyperpolarization with short wave-lengths and depolarization with 
long wave-lengths in recordings from cells in the inner nuclear layer of the 
fish retina (MacNichol & Svaetichin, 1958). Similar results have been 
reported by other workers (Motokawa, Oikawa & Tasaki, 1957; Tomita, 
Tosaka, Watanabe & Sato, 1958). In the lateral geniculate body of the 
thesus monkey de Valois, Smith, Kitai & Karoly (1958) described units 
responding with an ‘on’ discharge to blue light and an ‘off’ discharge 
to red light. Wagner, MacNichol & Wolbarsht (1960), recording spike 
discharges from ganglion cells in the goldfish retina, have since found — 
similar discharge patterns to coloured stimuli. | 
In the present study of the spider monkey’s extra-foveal retina three 
ganglion cells showed colour responses analogous to those described above. 
The presence of maintained discharges made it possible to demonstrate 
inhibitory effects during long wave-length stimuli, in addition to the 


excitatory responses to short wave-lengths. White light was less effective 


than monochromatic light, provided the wave-length was either longer or 
shorter than about 500 my. The decreased responsiveness to white light 
which has been noted also by de Valois (1960) is presumably due to the 
antagonistic effects of monochromatic light of short and long wave- 
lengths. This is strikingly similar to the way in which form specificity is 
obtained in the visual system; shining a restricted light on appropriate 
parts of a receptive field produces excitatory or inhibitory responses, and 
the effects tend to cancel when opposing regions are stimulated simul- 


taneously, for instance with diffuse light. In both cases an unspecific 


stimulus produces less effect on the firing of a single cell than one restricted 
in form or wave-length, even though it contains more energy. 


SUMMARY 
1, Receptive fields of retinal ganglion cells were studied in the light- 


adapted spider monkey. All fields mapped with white light had a con- 


centric arrangement similar to that of cat retinal ganglion cells, with a — 
sharply demarcated ‘on’ centre surrounded by an antagonistic -‘off’ 
periphery, or the reverse. 

2. The smallest receptive field centres were found near the fovea, and 
the size of centres tended to increase with increasing distance from the 
foves. The smallest centre had a diameter of 4 minutes of arc (corresponding 
to about 20 on the retina) and was located 4° from the fovea; the largest 
centre had a diameter of 2°. 
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3. Three ganglion cells out of about 100 responded in a specific way to 
coloured stimuli. In these cells light of short wave-length produced an 
‘on’ response and light of long wave-length evoked inhibition followed 
by an ‘off’ response. Transition between the two types of response occurred 
at about 500 my; light of this wave-length evoked only feeble ‘off’ 
responses. Very weak responses were obtained to white light, presumably 
owing to the antagonism between light of short and long wave-lengths. 


This work was supported by research grants B-2251 and B-2260 United States Public 
Health Service, and by the United States Air Force Office of Scientific Research of the Air 
Research and Development Command under contract no. AF 49(638)-713. ¢ 
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SOME PROPERTIES OF AVIAN SKELETAL MUSCLE FIBRES 
WITH MULTIPLE NEUROMUSCULAR JUNCTIONS 


By B. L. GINSBORG* - 
From the Pharmacology Department, University of Edinburgh 


(Received 24 August 1960) 


It has recently been found that certain skeletal muscles of the bird 
contain fibres which are innervated at many points (Ginsborg, 1960; 
Ginsborg & Mackay, 1961). The purpose of this paper is to describe some 
of the characteristics of these fibres. In particular, it will be shown that 
they are innervated by several axons, that they are able to produce propa- 
gated action potentials and that they respond to prolonged depolarization | 
with a prolonged contracture. The experiments have been mainly carried — 
out on the chick, either on single multiply-innervated fibres of the isolated 
biventer cervicis, or on the isolated anterior latissimus dorsi nerve-muscle 
preparation. The advantage of the latter preparation is that the anterior 
latissimus dorsi is composed largely, or perhaps entirely, of fibres with 
multiple neuromuscular junctions (Ginsborg & Mackay, 1961). The 
Properties of such fibres may therefore be inferred from the properties of 
the muscle as a whole. Some of the results have been briefly reported 
(Ginsborg, 1959; Ginsborg & Mackay, 1960). 


METHODS 

The preparations were removed from chicks (Brown Leghorns) about 3 weeks old. In two 
experiments latissimi dorsi were taken from a pigeon and a rook, both apparently adult, 
but of unknown age. The birds were previously anaesthetized with 1.v. Na phenoberbitone 
solution 9 g/100 ml., 2 ml./kg, or decapitated. The biventer cervicis preparation has 
already been described (Ginsborg, 1960; Ginsborg & Warriner, 1960). The latissimi dorsi of 
the chick (Fig. 1) and the rook are in two separate parts, an anterior and a posterior, lying 
immediately beneath the skin and extending between the mid line and the humerus. In the 
Pigeon the posterior part is not present. The anterior latissimi dorsi were removed together 
with part of the humerus to which the peripheral end is attached. The nerve supply to the 
muscle is contained in three separate trunks which lie side by side for some way. For 
electrical recording, one branch (a), which appears to innervate part of the ‘central’ end 
of the muscle, was generally cut in the course of removing the connective tissue lying over 
the surface of the muscle, in order to avoid artifacts. 

Intracellular recording. The biventer cervicis was mounted in Krebs—Henseleit solution 
(1932) as has been described previously (Ginsborg, 1960). The methods for recording from” 
and polarizing single fibres with micro-electrodes were conventional (Fatt & Katz, 1951). 
The nerve was freed from the cranial tendon which encapsulates it (Ginsborg & Warriner, 
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1960) and the cut end was sucked into a capillary electrode (Furshpan & Potter, 1959). 

Stimuli were applied viaan RF isolating unit (Schmitt, 1948) to inimizé stimulus artifacts. 
To avoid breaking an excessive number of electrodes it was necessary to reduce the muscle 

twitch which occurred on nerve stimulation. The experiments were therefore made at room 


temperature, and parts of the muscle were often made unresponsive to nerve stimulation 


either by cutting intramuscular branches of the nerve or by replacing part (up to 80%) of 
the Na content of the bathing solution with tris-(hydroxymethy]l)-amino-methane chloride 


(Liittgau & Niedergerke, 1958). 


Fig. 1. Diagram of dorsal view of right latissimus dorsi-of chick. The nerve 
supply is exposed by detaching the ‘central’ end of the muscles from the supra- 
spinous ligament on the mid line and reflecting them about the humerus. Part 
of the scapula overlying the brachial plexus is then removed and the branches 
of the median nerve which supply the muscles may then be freed from the surround- 
ing connective tissue. ALD, anterior latissimus dorsi; BP, brachial plexus; 
H, humerus, M, mid line; PLD, posterior latissimus dorsi; PLDT’, tendon of PLD; 
S, scapula; a, see text. 


. Extracellular recordings were made from latissimus dorsi muscles with either platinum 
electrodes connected to the input of an a.c. amplifier, or with Ag—AgCl-agar wick electrodes 
connected to the input of a d.c. amplifier. For a.c. recording the muscles were usually 
mounted vertically on a multi-electrode assembly consisting of a rectangular Perspex 
frame into which ten horizontal platinum wires 4mm apart were sealed. The nerve was 


_ threaded through a hole in the frame into which two concentric platinum annuli, which 


served as stimulating electrodes, were sealed. The preparations were mounted in a closed 
chamber containing Krebs—Henseleit solution, which was drained only for the short periods 
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required for recording. For d.c. recording one wick electrode was usually kept fixed at one 
end of the muscle, and the bathing fluid surface, below which dipped the second wick, 
served as the other recording electrode (Fatt, 1950). The preparations did not appear to 


deteriorate over periods of several hours. 


Isometric tension changes were recorded conventionally with an R.C.A. 5734 mechano- 
electric transducer coupled either to an oscilloscope or to a pen recorder. 


RESULTS 
Intracellular recording from fibres with multiple end-plates 
Multiple innervation. Figure 2 illustrates the response to nerve stimula- 
tion of three fibres of the biventer cervicis in which the miniature end- 
plate potentials were characteristic of muscle fibres with many neuro- 


20 msec 


20 msec 


Fig. 2. Intracellular records of responses of three multiply-innervated fibres of 
biventer cervicis muscles A, B and C, to graded stimuli applied to the nerve. 
Temperature, 19°C. Movement of muscles reduced in A by cutting several 
intramuscular nerve branches, in B by replacing 80% NaCl in bathing solution by 
tris-(hydroxymethy])-amino-methane Cl. In A responses (a) and (e) were evoked 
by stimuli of equal strength. 


muscular junctions along the fibre (see Ginsborg, 1960). It was evident 

that such fibres were innervated by several axons. 

~ In several fibres the smaller responses, i.e. those to smaller stimuli, 

which therefore resulted from the stimulation of larger-diameter and more 
38-2 
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rapidly conducting motor axons, occurred with a longer latency than those 
to the larger stimuli (Fig. 2B and C). This result suggests that very exten- 
sive branching of these axons occurs or that different axons supplying the 
same muscle fibre have very different lengths. 

Action potentials in response to nerve stimulation. Of the aeaiity-one 
multiply-innervated fibres of the biventer cervicis muscles which were 


msec 


Fig. 3. Intracellular records of responses to submaximal (a) and maximal (6) nerve 
stimulation of two fibres, A and B, of biventer cervicis muscles. Temperature, 
19° C. Muscle bathed in Krebs—Henseleit solution with 80% NaCl replaced by 
tris-(hydroxymethy])-amino-methane Cl. 


tested only seven were observed to respond to maximal nerve stimulation 
with action potentials. Two examples are shown in Fig. 3. From the 
results to be described below it seems likely that the absence of action 
potentials in the remainder was due, not to a genuine inability to produce 
action potentials, but to the measures taken to reduce the muscle twitch 
(see Methods) and to the reduction in resting potential caused by the 
insertion of the micro-electrode. 

Response to direct stimulation. Whenever it was possible to insert a 
second, polarizing, micro-electrode into a multiply-innervated fibre, it was 


possible also by some means to evoke an action potential. In three of ¢ 


nineteen fibres an electrotonic depolarization was effective (Fig. 4A). 
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Although measurements of resting potential were unreliable (see Methods 
i Ginsborg, 1960) in these three fibres the resting potentials appeared to 
beabove 56 mV. The remaining fibres appeared to be in a state of ‘cathodal 
depression’ (see for example, Lorente de Né, 1947), since they could only 
jestimulated either by ‘anode-break’ excitation (Fig. 4 Bii) or by applying 


| gielectrotonic depolarization after raising the resting potential at the site 


of the micro-electrodes by means of a steady hyperpolarizing current. 


Fig. 4. Intracellular records of action potentials from three multiply-innervated 
fibres, A, B, C, of the biventer cervicis. Temperature, 18° C. A: resting potential, 
66 mV; fibre stimulated with internal polarizing electrode close to recording 
electrode; three subthreshold responses also shown. B: (i) resting potential, 83 mV; 
stimulation by second micro-electrode external to fibre and 1mm away from 
recording electrode; (ii) resting potential, 52 mV after insertion of polarizing 
electrode into the fibre; it could no longer be stimulated by depolarization, but 
responded to anode break excitation. Identical voltage and time scales in (i) and 
_ (ii). C: V, voltage; I, current; (i) resting potential, 58 mV; no action potential in 
response to depolarization; (ii) resting potential set to 100 mV by steady current 
- (not shown) passed inwards across membrane; a sufficiently large outward current 
pulse (I) stimulated the fibre. Identical voltage and time scales in (i) and (ii). 


Many of the responses, both end-plate and action potentials terminated with a phase of 
lyperpolarization (Figs. 2-4). It is very likely that this feature although involving ‘delayed 
teetification’ (Hodgkin, 1951; cf. Burke & Ginsborg, 1956), was associated, like the inability 


| to produce action potentials, with the depression of the resting potential caused by inserting 


micro-electrodes into fibres of small diameter and therefore of high resistance (cf. Katz & 
Thesloff, 1957; Koketsu & Nishi, 19576). This is strongly suggested by the experiment 
illustrated in Figs. 4B (i) and (ii). In this fibre with a high resting potential, 83 mV, an action 
potential was evoked by external stimulation (i.e. by an external micro-electrode closely 
applied to the fibre and made negative with respect to the bath). This action potential was 
not followed by a phase of hyperpolarization (Fig. 4Bi). When the polarizing electrode was 
Mserted into the fibre (Fig. 4Bii) the resting potential fell by 31 mV and the fibre failed to 


‘spond to direct depolarization. It was, however, stimulated by the break of an anodic 


Pulse, and the action potential was now followed by a phase of hyperpolarization. 
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Extracellular recording 


The preceding results suggest that the multiply-innervated fibres in the 
muscles of the chick can produce propagated action potentials and that at 
least some of them do so on maximal nerve stimulation. More convincing 
evidence is provided by the results of experiments made on the anterior 


Fig. 5. Action potentials recorded externally from an anterior latissimus dorsi 
muscle in response to direct stimulation (neuromuscular transmission blocked by | 
tubocurarine Cl 8 x 10-°m). 21-day-old chick, length of muscle 23 mm, Tempera- 
ture, 28°C. Stimulating electrodes 2mm apart at peripheral end of muscle. 
Recording electrodes 3 mm apart; distance between inner recording and stimula- 
ting electrodes: a, 2mm; b, 6mm; c, 12mm; d, 18 mm. Stimulus artifacts rein- 
forced with short vertical lines. 


latissimus dorsi, which has been shown to consist largely, or perhaps ex- 
clusively, of fibres with multiple neuromuscular junctions (Ginsborg & 
Mackay, 1961). 

Response to direct stimulation. Figure 5. shows unequivocally that the 
fibres of the anterior latissimus dorsi are able to conduct action potentials 
and that at least some fibres extend the length of the muscle. The ampli- 
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tude, 14 mV, of the largest externally recorded action potential from the 
muscle was small, as compared, for example, to the amplitude of the action 
potential which can be recorded under favourable conditions from the 
frog’s sartorius muscle (50-60 mV, Katz & Kuffler, 1941), but the fibres 
of the anterior latissimus dorsi of the 21-day-old chick are less than 20 » in 
diameter, compared with 73 , in the frog’s sartorius (Katz, 1948, p. 523); 
and since the muscle was kept moist by vigorous bubbling with gas of the 
bathing fluid at the bottom of the chamber containing the muscle its 
extracellular resistance was probably low: a relatively small amplitude of 
the externally recorded action potential would therefore be See 
(Hodgkin & Rushton, 1946). 

The speed of conduction along the muscle was low; in six ‘aidan at 
temperatures between 28 and 34°C, the average speed of conduction 
varied between 0-41 and 0-70 m/sec. The slow speed of conduction cannot 
be entirely due to the small diameter of the fibres (Hodgkin, 1954) since 
the posterior latissimus dorsi, which is composed of fibres of somewhat 
smaller diameter, conducts at the rate of 2-3—-2-8 m/sec (four muscles, 
31-36° C). 

Response to nerve stimulation. In Fig. 6 the responses to submaximal and 
maximal nerve stimulation of an anterior latissimus dorsi muscle are com- 
pared with the response of the same muscle to direct stimulation. The 
response to the submaximal stimulus was consistent with the fact that 
neuromuscular junctions are present along the whole length of the muscle. 
Action potentials initiated at the end of the muscle distant from the re- 
cording electrodes would be expected to take more than 30 msec to arrive 
at the electrodes (distance 22 mm, average speed of conduction 0-70 m/sec) 
and such action potentials may be seen to occur (Fig. 6a). On maximal 
herve stimulation (Fig. 6b), however, the response was not longer in dura- 
tion than the response to direct stimulation (Fig. 6c). Furthermore, if the 
electrodes were suitably placed, the peak amplitude of the response to © 
maximal nerve stimulation was little smaller than the amplitude of the 
action potential evoked by direct stimulation. If one electrode was kept 
fixed and the other moved along the surface of the muscle there was only 
4small variation in the latency and time course of the response, the latency 
being least in the central part of the muscle, in which the nerves were seen 
to enter, and increasing towards each end of the muscle (Fig. 7). A simple 
way of explaining these results (cf. Katz & Kuffler, 1941) is to suppose that 
action potentials arise almost but not quite simultaneously at many neuro- 
muscular junctions along each fibre of the muscle, the variation in latency 
being due to different conduction times along the motor axons to the 
neuromuscular junctions at different points along the muscle. In each 
fibre, then, after propagating through only a short. distance, the action 


4 
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potential collides with and abolishes the action potential from a neighbour- 
ing junction. 

In some preparations isolated single maximal stimuli applied to the nerve gave rise to 
action potentials of irregular amplitude and duration. If, however, the stimuli followed 
a period of repetitive stimulation (for example, 100/sec for 30 sec), after a short interval the 
response became regular in amplitude and shorter in duration. In these preparations facilita- 
tion was apparently required at some of the junctions before action potentials were initiated 
at them (cf. Brown & Harvey, 1938; Hutter, 1952; Liley & North, 1953). 


Fig. 6. Action potentials recorded externally from an anterior latissimus dorsi 
muscle 20-day-old chick. Muscle length, 28 mm. Temperature, 36° C. (a) Response 
to submaximal stimulation of nerve; recording electrodes 2 and 6 mm from central 
end of muscle; voltage calibration 1 mV. (b) Response to maximal nerve stimula- 

_ tion; recording electrodes 2 to 10mm from ‘central’ end of muscle. (c) Response 
to direct stimulation (neuromuscular transmission blocked with 8 x 10-*m tubo- 
curarine Cl); recording electrodes 6 and 10 mm, stimulating 14 and 18 mm from 
‘central’ end of the muscle. Voltage calibration (b) and (c) 10 mV. 


Two tests of this explanation have been made, (a) by curarizing part of 
the muscle and (6) by cutting the nerve supply to part of the muscle. 

Effect of curarizing part of the muscle. Figure 8 illustrates the effect on 
the action potential of blocking neuromuscular transmission in part of the 
muscle. In the ‘curarized’ region the latency of the action potential in- 
creases by the time necessary to propagate from neuromuscular junctions 
in the “uncurarized’ part of the muscle. In the ‘uncurarized’ part of the 
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Fig. 7. Action potentials recorded externally from three anterior latissimi dorsi, 
A, B,; C, in response to maximal nerve stimulation. A: 22-day-old chick; muscle 
length, 30 mm; temperature 33° C. Muscle mounted on multi-electrode assembly 
(g), electrodes 4 mm apart. Action potentials recorded between electrodes 7, 8 (a) ; 
6, 8(b); 5, 1(c); 4, 1(d); 3, 1(e); 2, 1(f); upward deflexion denotes negativity of 
electrode with bold number. Interval between first peak of response and stimulus 
artifact at different points along muscle indicated below in (g). B: 22-day-old chick ; 
muscle length, 24mm; temperature, 36°C; superimposed sweeps; indifferent 
electrode 2 mm from ‘central’ end of muscle which was treated with 132 mm-MgCl, 
to make responses monophasic (Niedergerke, 1956). Distance between electrodes 
in order of increasing amplitude of responses: 6, 8, 10, 12 mm; average speed of 
conduction subsequently determined after curarization, 0-5 m/sec. C: 28-day-old 
chick; muscle length, 34 mm; temperature, 35° C, d.c. recording. Indifferent agar 
wick electrode at ‘central’ end of muscle; second electrode, fluid surface. 
Distances in mm between fluid surface and indifferent electrode indicated by 
number at the side of each response. : ; 
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muscle only minor changes occur in the action potential in spite of the 
curarization of the remaining two thirds of the muscle. These changes are 
probably accounted for by the diffusion of the tubocurarine applied to the 
lower part of the muscle into the ‘uncurarized’ region and the resulting 
blockade of the more susceptible junctions. 


Fig. 8. Effect of curarization of part of muscle on externally recorded action poten- 
tial from an anterior latissimus dorsi muscle: same preparation as Fig. 7C. Agar 
wick electrodes, d.c. recordings. (a) and (c) recorded (with electrodes in position 
shown in B) before curarization. (b) and (d) recorded from same positions after 
the part of the muscle shown shaded in B had been bathed in 5 x 10-5m tubo- 


curarine Cl for 7 min. Upward deflexion denotes negativity of electrode nearer 
the centre of the muscle. 


Effect of cutting part of nerve supply. The nerve to the anterior latissimus 
dorsi branches extensively before entering the muscle; it is therefore 
possible by cutting the appropriate branches to denervate acutely part of 
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the muscle. The effect of this procedure on the indirectly evoked action 
potential is illustrated in Fig. 9. In the part of the muscle to which the nerve 
supply was ‘intact’ (Fig. 9Aa,d) there were only minor changes in the 
time course and amplitude of the response. It is likely that these changes 
occurred because some muscle fibres had been totally denervated. In the 
‘denervated ’ region, the latency of the response was increased by the time 
taken for action potentials to propagate along the muscle from the most 
proximal junctions which remained innervated. The small reduction in 
the amplitude of the action potential in the ‘intact’ region, after cutting 
more than half the branches of the nerve to the muscle, shows that at 
least a majority of fibres in the muscle must be innervated by several 
axons. This result is also clear from the experiment illustrated in Fig. 9 B. 
The action potential in the ‘denervated’ region evoked by nerve stimula- 
tion, again after cutting more than half the branches of the nerve, is very 
little smaller than the action potential evoked by direct stimulation of the 
whole muscle. The response of most of those fibres which extended between 
the position of the stimulating and recording electrodes must therefore 
have survived ‘denervation’ at least at one neuromuscular junction. 


Mechanical recording 


Response to nerve stimulation. Figure 10A illustrates the responses of 
three varieties of anterior latissimus dorsi muscles and shows that these 
muscles are capable of producing twitches to single maximal stimuli 
applied to the nerve. The anterior latissimus dorsi of the chick and the 
latissimus dorsi of the pigeon have both been shown directly to be made 
up largely or exclusively of multiply-innervated fibres and it may be 
inferred that this is also the case for the anterior latissimus dorsi of the 
rook (see Ginsborg & Mackay, 1961). It does not seem likely that the 
twitch was due to a small number of focally innervated fibres which have 
resisted detection histologically ; the twitch in such fibres, as exemplified 
by the twitch of the posterior latissimus dorsi (a muscle which usually 
contains few, if any, multiply-innervated fibres (Ginsborg & Mackay, 1961) 
has a much more rapid time course (Fig. 10B). This is not conclusive 
evidence, however, since there may be differences in the speed of the 
twitch in different focally innervated fibres of the bird equivalent to the 
differences in speed between ‘fast’ and ‘slow’ mammalian muscle fibres 
(see, for example, Buller, Eccles & Eccles, 1960). 

On repetitive stimulation of the nerve at minimum frequencies, varying 
‘from preparation to preparation between 15 and 35/sec, the anterior 
latissimus dorsi muscle responded with maximal sustained tension through- 
‘out the period of stimulation (up to 3 min). This behaviour was in contrast 
to that of the posterior latissimus dorsi. The tetanic tension (produced by | 
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_ repetitive nerve stimulation at a minimum frequency in excess of 100/sec) 
in this muscle declined to less than half its maximum value in about 25 sec. 

_ Response to depolarizing agents. When drugs known to cause depolariza- 
tion at the motor end-plate (decamethonium, succinylcholine and car- 
baminoylcholine) were added to the fluid bathing the anterior latissimi 
dorsi, a prolonged increase in tension of the muscle resulted (Figs. 11 and 


Fig. 10. ‘Isometric twitches’ in response to nerve stimulation. (a), anterior 
latissimus dorsi of chick; (b), anterior latissimus dorsi of rook; (c) latissimus dorsi 
of pigeon; (e), posterior latissimus dorsi of chick. The action potential (d) and 
twitch (e) were recorded simultaneously. Time marker, 20 msec, 37° C. 


12a). The amplitude of the maximal isometric tension (a maximal effect 
was caused by decamethonium iodide (C,,), for example, at a concentra- 
tion of 1-7 x 10-*m in all three varieties of muscle tested) was almost 
identical with that produced by tetanic stimulation of the nerve; this 
_ result suggests that all the fibres in these muscles were taking part in the 
response. Contractures of similar amplitude but of longer duration were 
produced by bathing the muscle in a solution enriched in potassium. In 


Fig. 9. Effect of ‘denervating’ part of muscle on externally recorded action 
potential. A: 23-day-old chick; muscle length 24 mm; temperature 29° C. (i) Nerve 
intact, (ii) branches of nerve to ‘central’ half of muscle cut. Recording electrodes 
2mm apart. Distance of the inner recording electrode from peripheral end of 
muscle indicated in C by letters affixed to points on graph which correspond to 
lettering of records. Upward deflexion in (0), (c), (e) and (f) and downward 
deflexion in (a) and (d) denotes negativity of inner electrode. Maximal nerve stimu- 
lation. B: 21-day-old chick; muscle length 26 mm; temperature 36° C. Recording 
electrodes 2 and 6 mm from ‘central’ end of muscle. Upward deflexion, negativity 
of inner electrode. (a) Nerve intact, maximal nerve stimulation; (6) branches to 
‘central’ half of muscle cut, maximal nerve stimulation; (c) direct stimulation of 
curarized muscle: stimulating cathode 12mm from inner recording electrode. 
C: variation in ‘peak’ latency at different points along normal (©) and partly 
denervated (@) muscle. Preparation of Fig. 9A. Abscissa, distance between inner _. 
recording electrode and peripheral end of muscle (mm). Ordinate, interval between 
first peak of action potential and stimulus artifact (msec). 
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seven experiments on anterior latissimi dorsi of the chick, the time taken 
for the tension to decay from the maximum to half the maximum value 
varied between 3 and 8 min in the presence of 1-7 x 10-*m C9, whereas 
this time varied between 9 and 15 min in the presence of 100 mm-KCl 
(replacing NaCl). In the rook (Fig. 12) the difference in duration was even 


(a) 


(6) 


Fig. 11. Comparison between isometric tension produced by repetitive nerve 
stimulation at 40/sec, 7', and by the addition of decamethonium iodide to the 
bath to give a final concentration of 1-7 x 10-*m. (a) anterior latissimus auzsi of 
chick, (6) latissimus dorsi of pigeon. At arrows, bathing solution drained and 

replaced with Krebs—Henseleit solution. 37° C. 


Fig. 12. Anterior latissimus dorsi of rook. Comparison between isometric tension 
produced (a) by decamethonium iodide 1-:7x10-*m, and that produced (b) 
by replacing 100 mm-NaCl with 100 mm-KCl. Common time and tension scales 
in (a) and (6). 7’, tetanic tension produced by nerve stimulation at 40/sec. At 
arrows, bath drained and refilled with Krebs—Henseleit solution. Recovery of neuro- 

muscular transmission delayed after the contracture had subsided, as may be seen 
from the responses to the 5 sec test tetani, t, applied to the nerve. 37° C. 
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more pronounced. The shorter duration of the ‘decamethonium contrac- 
ture’ probably reflects the relatively rapid decline of the depolarization of 
the membrane due to ‘desensitization’ (see for example, Thesleff, 1958; 
Fatt, 1950). 

As a rule prolonged contractures could not be elicited from the posterior 
latissimus dorsi. In one out of sixteen experiments, however, a contracture 
of similar time course to that obtained in the anterior latissimus dorsi did 
occur; the maximum tension produced, 2 g, was, however, only about one 

tenth of the tetanic tension the muscle was able to develop. Since on 
histochemical staining of posterior latissimi dorsi a small band of fibres 
with multiple neuromuscular junctions was, on one occasion, observed 
_(Ginsborg & Mackay, 1961), it seems possible that the anomalous response 
was due to the presence of such fibres in the muscle in question. Two other 
muscles which failed to give prolonged contracture in two experiments 
were the extensor carpi radialis profundus and the extensor digiti ITI and 
IV. No multiply-innervated fibres have been detected in these two 
muscles (Ginsborg, 1960; Ginsborg & Mackay, 1961). 


DISCUSSION 


It is evident that avian muscle fibres with multiple neuromuscular 
junctions are similar in certain ways to the slow fibres of the frog (Kuffler 
& Vaughan Williams, 1953a, b). Both types of fibre are innervated at 
numerous points by several axons and it seems probable, also, that both 
types of fibre are distinguished histologically from focally innervated fibres 
in another way, namely in having a ‘Felderstruktur’ as compared to a 
‘Fibrillenstruktur’ (see Kriiger, for example, 1952; Kriiger & Giinther, 
1956). (For evidence relating to the frog, see Kuffler & Vaughan Williams, 
19536; for the bird, Ginsborg & Mackay, 1961). Both types of fibre 
respond to prolonged depolarization with prolonged contracture, a property 
which is not shared with focally innervated fibres of either the bird 
or frog (see, for example, Taylor, 1953; Kuffler & Vaughan Williams, 
_ 19536; Horowicz & Hodgkin, 1956). On the other hand, one clear difference 
between the multiply-innervated fibres of bird and the slow fibres of the 
frog is the ability of the fibres of the bird to produce propagated action 
- potentials; in this respect the fibres of the bird resemble certain multiply- 
innervated intrafusal fibres in the frog (Koketsu & Nishi, 1957) and some 
crustacean muscles (Fatt & Katz, 1953). 

Although it seems probable that in the bird and the frog multiple inner- 
vation, ‘Felderstruktur’, and the ability to produce prolonged contractures 
are all properties of the same variety of muscle fibre, the connexion between 
these properties is obscure. There is clearly no immediate connexion 
between type of innervation and ability to produce prolonged contracture ; 
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however, evidence is accumulating which suggests that the innervation 
of a muscle fibre does in some unknown way affect both structural (Kriiger 
& Giinther, 1957) and functional (Buller e¢ al. 1960) characteristics of the 
myoplasm. Nor can it be supposed that a ‘Felderstruktur’ as such confers 
the ability to produce prolonged contractures. Thus although ‘Felder- 
struktur’ fibres exist in the mammal (Kriiger, 1952), Riickert (1930, 
1930/1) found that the application of constant currents, which evoke pro- 
longed contractures both in slow fibres of the frog and in multiply- 
innervated fibres of the bird, failed to do so in mammalian skeletal muscles, 
with the exception of certain foetal muscles and the diaphragm of the 
white mouse. The particular type of fine structure of the myoplasm which 
gives rise to the characteristic ‘Felderstruktur’ appearance of the cross- 
section of the fibre may be necessary, but it is apparently not sufficient to 
allow a fibre to undergo a prolonges © contracture. 


SUMMARY 


1. Single skeletal muscle fibres, with multiple neuromuscular junctions, 
of the biventer cervicis of the chick have been investigated with micro- 
electrodes. The results obtained were confirmed by those resulting from 
external recording from the anterior latissimus dorsi, which is made up 
largely or exclusively of fibres with multiple neuromuscular junctions. 

2. These fibres are innervated by several motor axons, and respond to 
direct and to maximal indirect stimulation with propagated action 
potentials. In the fibres of the anterior latissimus dorsi action potentials 


on maximal indirect stimulation were initiated at many of the junctions 


on each fibre. | 

3. The mechanical response to ‘depolarizing agents’ of the anterior 
latissimus dorsi of the chick and the rook and of the latissimus dorsi of the 
pigeon was a prolonged contracture: the tension of the maximal contrac- 
ture was approximately equal to the maximal isometric tetanic tension 
produced by nerve stimulation. As a rule the posterior latissimus dorsi of 
the chick did not respond with prolonged contractures ; this muscle usually 
contains few if any fibres with a dense innervation. 


I should like to thank Professor W. L. M. Perry for his continued hospitality and en- 
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ENZYMIC OXIDATION OF 5-HYDROXYTRYPTAMINE 
| BY PIG SERUM 


By H. BLASCHKO anp W. G. LEVINE 
From the Department of Pharmacology, University of Oxford 


(Received 5 September 1960) 


A sede: of the inhibitor ad substrate specificities of the amine 
oxidases in mammalian blood plasma has shown that these enzymes are 
distinct from the intracellular amine oxidase. The substrates of the plasma 
oxidases in the living animal are unknown. | 

In an earlier study dialysed pig serum was used as source of enzyme 
_ (Blaschko, Friedman, Hawes & Nilsson, 1959). This preparation, as well 
as a precipitate obtained from the serum by 45-55% saturation with 
ammonium sulphate, oxidized 5-hydroxytryptamine (5-HT) as well as 
many other amines. Benzylamine was one of the substrates most rapidly 
oxidized, and the provisional name ‘benzylamine oxidase’ was therefore 
proposed for this enzyme (Bergeret, Blaschko & Hawes, 1957). 

The purpose of this paper is to describe an experiment which shows that 
5-HT is not a substrate of the benzylamine oxidase of pig plasma. This 
finding is the outcome of a further purification of the plasma enzyme. 


METHODS 


Pig serum was obtained from the slaughterhouse and purified as described below. 

Enzymic activity was measured manometrically at 37-5°C. In the experiment to be 
described in detail the gas phase was oxygen in the flasks containing benzylamine (10-*m) ; 
in those containing 5-HT (0-5 x 10-*m) and paraphenylenediamine (PPD; 10-*m) it was air. 
The pH of the buffers used was 6-0; with benzylamine and 5-HT the buffer was 0-067m 
sodium phosphate, with PPD it was 0-01m sodium acetate. These conditions were chosen 
after preliminary experiments to find optimal conditions for the reactions studied. 

The enzyme unit (e.u.) was defined as the amount of enzyme that caused the uptake of 
yl. O, in 30 min, 

Copper was determined in the trichloracetic acid extract according to Gubler, Lahey, 
Ashenbrucker, Cartwright & Wintrobe (1952). 

Purification of pig serum fractions. The procedure adopted closely followed that of Holm- 
berg & Laurell ( 1948), but their second extraction with the chloroform—ethanol mixture was 

omitted. 
. Following the Swedish seen the material precipitated by between 35 and 50% 
saturation with (NH,),SO, was obtained. The precipitate was taken up in tap water, dialysed 
for 4 hr against running tap water and then during the night against distilled water. After 

dialysis the pH was adjusted to 5-5 by adding dilute acetic acid (5-10 % (v/v). 
| After centrifugation at 5500 rev/min for 15 min, the supernatant was decanted and 
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retained. In the experiment of Table 1, 242 ml. of supernatant was obtained from 1520 ml. 
of serum. Of this, 7 ml. was used for the manometric assay (fraction 1 of Table 1): to the 
remainder ethanol was added at 0° C, to a final concentration of 15% (v/v). After centri- 
fugation for 15 min at 5500 rev/min, both the sediment, taken up in a little saline solution, and 
the supernatant, were dialysed during the night against running tap water; the volume of 
the sediment (fraction 2 of Table 1) was 65 ml., that of the supernatant (fraction 3 of Table 
1) was 260 ml. Of the sediment, 4 ml. was removed for enzyme assay. To the remainder, 
after adjusting the pH to 6-5 with dilute acetic acid, a mixture of chloroform-—ethanol 
(1:9 (v/v)) was added to a final concentration of 50% (v/v). A clear supernatant fluid was 
removed by centrifugation at 5500 rev/min for 30 min. The precipitate was extracted six 
times with 20—25 ml. of saline solution. The extracts, which had an intensely blue colour, 
were combined and concentrated by precipitation with (NH,),5SO, to a saturation of 65% 
(v/v). This precipitate was dialysed against running tap water, followed by distilled water; 


the final volume of this fraction was 17-5 ml. (fraction 4 of Table 1). The copper content of: 


the final extract was 23-6 ug Cu/ml. . 
All centrifugations were carried out at 0° C. 


RESULTS 


Pig plasma contains, in addition to benzylamine oxidase, a polyphenol 
oxidase (Holmberg & Laurell, 1948; Kolb, 1957), known as caerulo- 
plasmin, a copper-containing protein of blue colour. In the experiments 
of Blaschko et al. (1959) it had been noted that the ammonium sulphate 


TaBLE 1, Oxidation of 5-hydroxytryptamine, benzylamine and p henylenedi 


by fractions obtained from pig serum; activities expressed in enzyme units 


Ratio 
edebsi Substrate PPD Benzylamine 5-HT PPD: 5-HT 
No. 1; 35-50% ammonium 180,000 16,500 4,360 41-2 

sulphate precipitate 
No. 2; 15% ethanol precipitate 161,000 3,050 — 4,030 39-9 
No. 3; 15% ethanol supernatant 13,700 16,400 0 — 
No, 4; final extract 89,000 0 2,420 36-7 


precipitates rich in benzylamine oxidase activity had a blue colour. It 
was therefore decided to apply the procedure for the purification of caerulo- 
plasmin in order to find out whether or not the amine oxidase activity 
remained with the caeruloplasmin. 

The results of these experiments are shown in Table 1. It can be seen 
that the ammonium sulphate precipitate oxidized all three substances used 
as substrates. The ethanol precipitate had little activity with benzy!- 
amine as substrate, but it contained most of the catalyst acting on 5-HT 
and PPD. On the other hand, practically all the benzylamine oxidase 
activity was recovered in the supernatant fluid from the ethanol pre- 
cipitation; this fraction had little activity with PPD and none with 
5-HT. In the final extract (fraction 4) about one half of the activity on 
both PPD and 5-HT was retained, but there was no benzylamine oxidase 


activity. The experiment was repeated several times, with essentially 
similar results. 
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DISCUSSION 


The experiment just described shows that the oxidation of 5-HT is not 
brought about by the benzylamine oxidase present, but by caeruloplasmin. 
This conclusion is supported by the observation that the ratio (rate of 
oxidation of PPD):(rate of oxidation of 5-HT) remained fairly constant 
during the purification procedure. 

PPD is generally used as a typical substrate of caeruloplasmin. That 
caeruloplasmin oxidizes 5-HT has been reported by several authors 
(Porter, Titus, Sanders & Smith, 1957; Martin, Eriksen & Benditt, 1958; 
Curzon & Vallet, 1960). We have since shown that caeruloplasmin acts 
also on hydroxyindoles substituted in positions 4, 6 or 7 (Blaschko & 
Levine, 1960). It is not known whether these reactions are of importance 
for the biological inactivation of 5-HT and other hydroxyindoles. 

For our knowledge of the plasma amine oxidases our finding is of in- 
terest, because it eliminates benzylamine oxidase as a possible agent in the 
biological inactivation of 5-HT. The biological significance of benzylamine 
oxidase remains obscure. | 

SUMMARY 


_ The oxidation of 5-hydroxytryptamine (5-HT) by pig serum has been 


‘studied. Fractionation of the serum proteins has shown that 5-HT is 
‘not a substrate of the amine oxidase present in the serum; its oxidation is 


catalysed by caeruloplasmin, the copper-containing protein of plasma. 


This work was supported by the U.S. Air Force Office of Scientific Research, Air Research 
and Development Command, and carried out during the tenure by one of us (W.G.L.) of a 
Postdoctoral Fellowship on Interdisciplinary Grant from the National Institute of Mental 
Health, U.S. Public Health Service. 
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A STUDY OF SOME ELECTROPHYSIOLOGICAL PROPERTIES 
OF HUMAN INTERCOSTAL MUSCLE 


By D. ELMQVIST, T. R. JOHNS* anv 8S. THESLEFF 


From the Departments of Thoracic Surgery and of Pharmacology, 
University of Lund, Sweden 


(Received 12 September 1960) 


It is of interest to compare the electrophysiological properties of normal 
human skeletal muscle with those of other mammalian species. In the pre- 


sent investigation the spontaneous subthreshold activity at the myoneural 


junction has been studied, and the membrane constants of the muscle 
fibres have been determined. As did Dillon, Fields, Gumas, Jenden & 
Taylor (1955); and Creese, Dillon, Marshall, Sabawala, Schneider, Taylor & 
Zinn (1957), we also found that human intercostal muscles proved to be 
excellent preparations for studies in vitro. It will be shown that the 
electrophysiological properties of these muscles are rather similar to those 
of other mammalian species, except that the frequency of the miniature 
end-plate potentials (m.e.p.p.) is considerably lower, and the membrane 
resistance higher. 

| METHODS 


During thoracotomy operations on eight patients of both sexes and with no known 
muscle disease, specimens of external intercostal muscle were removed from the 5th, 6th, 
. or 7th intercostal space in the mid-axillary line. The muscles were carefully dissected so 
that the specimens contained both origin and insertion, with continuous periosteum. 
Immediately upon removal the specimens were placed in continuously oxygenated Tyrode 
solution and taken to the laboratory for dissection and study. As described by Creese et al. 
(1957), longitudinal fusiform bundles of fibres, with their fibrous origin and insertion intact, 
could be dissected under a binocular microscope. The isolated bundles were about 15 mm 
long and 0-2—0°5 mm in diameter. They were mounted in a bath kept constantly at 37° C. 

The composition of the bathing fluid was that used by Liley (1956) and it was oxygenated 
by bubbling 95% 0,+5% CO, through it immediately before its introduction into the 
muscle bath. The bath held about 30 ml. of solution, which was changed continuously at 
a rate of about 500 ml./hr. : 

The usual techniques were employed for intracellular recording with capillary glass 
micro-electrodes (Fatt & Katz, 1951). Electrodes of between 5 and 10 MQ resistance were 
used, and the input time constant of the recording circuit was 20-50 psec. M.e.p.p.s were 
photographed from an oscilloscope tube on single sweeps of 50 msec/em. Usually at least 
twenty m.e.p.p.s were recorded from each fibre. 


* John and Mary R. Markle Scholar in Medical Science (Neurology). Present address, 
Division of Neurology, School of Medicine, University of Virginia, Charlottesville, Virginia, 
U.S.A. 
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Membrane constants were determined by the method of ‘square-pulse analysis’ (Hodgkin 
& Rushton, 1946; Fatt & Katz, 1951). The duration of the current pulse was 100-120 msec. 
The experimental procedure and methods of calculations were similar to those used by 
Boyd & Martin (1959) with the cat tenuissimus muscle. 


RESULTS 


It was possible to maintain the isolated muscle bundle in good condition 
for several hours with no significant decay of resting potentials, which 
ranged from 70 to 90 mV, with a mean of about 80 mV (Table 1). At the 


Taste 1. The mean values and their 8.x. for resting membrane potential, amplitude and 
frequency: of m.e.p.p.s in four human intercostal muscles. For comparison similar values 
obtained from cat tenuissimus and rat sie oe are shown. The numbers in brackets 
indicate the number of muscle fibres 


Resting membrane Amplitude of of 


‘Type of muscle potential (mV) m.e.p.p.s (mV) m.e.p.p.s (per sec) 
Human intercostal 80-9 + 1-00 0:74 +0-013 0-26 + 0-065 
(15) (26) (25) 
Cat tenuissimus 75 0-54+ 0-14 1-43 + 0-88 
(Boyd & Martin, 1956) 
Rat diaphragm (Liley, 1-2 
1956) 


| 


Fig. 1. Am.e.p.p. recorded on single successive sweeps. Human intercostal muscle ; 
male aged 65. Time marker, 50 msec; voltage calibration, 0-5 mV. 


neuromuscular junction spontaneous subthreshold electrical activity was 
recorded (Fig. 1). These m.e.p.p.s were similar to those observed in frog 
Muscle (Fatt & Katz, 1952), in rat diaphragm (Liley, 1956) and in cat 
tenuissimus muscle (Boyd & Martin, 1956). Their mean amplitude was 
about 0-7 mV, and they appeared to occur at random intervals. The 
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frequency of discharge was, however, considerably lower than that re- 
ported from other species, the average being only 0-2/sec (Table 1). An 
increase in the osmotic pressure of the bathing fluid resulted in an imme- 
diate and marked increase of the frequency of the m.e.p.p.s (Fig. 2) 
(cf. Liley, 1956). 


Fig. 2. Increased rate of m.e.p.p.s produced by hypertonic Tyrode solution. 
Human intercostal muscle; female aged 43. Time marker, 10 msec; voltage 
calibration, 0-5 mV. ; 


The membrane constants were determined by inserting two micro- 
electrodes into the fibre, at first as close together as possible, and then 
again at distances of about 0-5 and 1:0mm _ between the electrodes. 
A rectangular hyperpolarizing current pulse was passed through one of 
the electrodes and the resultant change in membrane potential was 
recorded by the other. By applying the cable theory of Hodgkin & Rushton 
(1946) the potential change, V, produced by a steady current, 7, through 
the membrane is given by the equation, 


exp 


where x is the electrode separation, rm the transverse resistance of a unit 
length of fibre membrane, and 7; the internal longitudinal resistance per 
unit length of fibre. The term ,/(rm.7;) is the space constant A of the fibre. 


_ When the ratio V:I was plotted on a logarithmic scale against the | 


electrode separation, almost straight lines (Fig. 3) were obtained. A is the 
distance over which the electrotonic potential fell to 1/e of its value. 
$,/(rm-71) was obtained from the point at which the lines intersected the 
vertical axis. From these two values rm and 7; were calculated. 
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~ The specific resistivity of mammalian myoplasm, Rj, has been estimated 
as 125Q.cm by Boyd & Martin (1959), and this value was also used in 
our calculations. The fibre radius, p, was obtained from the relation 


1:0 
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| 02 04 06 08 10 12 14 16 18 20 
Electrode separation (mm) 
Fig. 3. Spatial decay of electrotonic potentials in three fibres. Ordinate, amplitude 
of electrotonic potential, when a steady state is recorded, divided by amplitude of 
_ current pulse; logarithmic scale. Abscissa, separation between current and 
voltage-recording electrodes. 


-TasBie 2, Data derived from two human intercostal muscles in which curves were obtained 
similar to those in Fig. 3. RP = resting membrane potential at the beginning and end of 
each experiment 


A= | 
Fibre (Q) (mm) (msec) (Qem?) (mV) 
Female, l 6 x 105 1:75 20-5 24 3200 6-4 84-82 
30 years 2 3-9 x 105 2-10 20:5 33 3420 6-0 85-71 
3 3-9 x 105 2-44 20-5 35 4200 4-9 88-78 
Male, l 6-4 x 10° 2-35 18-0 27 5100 3°5 86-72 
38 years 2 6-1 x 105 2-27 15-5 27 4700 3:3 90-80 
3 3-1 x 105 2-65 14-0 41 4200 3:3 86-81 
4 4°3 x 105 2-15 23-0 32 3700 6-2 83-70 
Mean 2-24 18-9 31 4070 4:8 
Cat's tenuissimus 
(Boyd & Martin, 


Mean 1:10 49 22 1430 3°5 
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p = \(Ri/7r:) and the transverse resistance of a unit area of membrane, 
Rin, by Rm = 27prm. The time constant of the membrane, 7m, Was Measured 
from the time taken for the potential to rise to 83 % of its maximum steady 
value, at about zero electrode separation. The membrane capacitance per 
unit area, Cm, was then derived from Cm = 7m/Rm. 

The results of such calculations for seven fibres are shown in Table 2, 
along with the corresponding values for the cat tenuissimus muscle, for 
comparison. It is evident that the membrane resistance of the human 
intercostal muscle is considerably higher than that of the cat tenuissimus 
muscle. The calculated values for the fibre diameters agree with the 
value of about 60, obtained by direct measurements from histological 
transverse sections by Creese et al. (1957). 


DISCUSSION 


The isolated human intercostal muscle has sible to be a stable 
preparation which is well suited for studies with intracellular electrodes. — 
- It can be obtained during thoracotomy procedures or by biopsy. Thus it 
seems appropriate to use that muscle in studies of the alterations in the 
electrophysiologic behaviour of human skeletal muscle in disease of muscle 
and lower motor neurone. 

The low frequency of m.e.p.p.s in the heman as compared with other 
species is difficult to explain. It is possibly related to the fact that all 
our specimens were obtained from adult patients, i.e. from mammals of 
a much greater age than that of any laboratory animal. Or it may be 
that a low ‘miniature’ frequency is a unique property of the intercostal 
muscle, as opposed to other skeletal muscles. The transverse resistance of 
the fibre membrane is about 4000Q.cm?, which is higher than that of the 
cat tenuissimus muscle, but about the same as that observed by Fatt & 
Katz (1951) for frog muscle. 


SUMMARY 


1. By the use of intracellular electrodes the spontaneous miniature 
end-plate potentials and the membrane constants of the muscle fibre have 
been studied in the isolated human intercostal muscle. 

2. The mean resting membrane potential was about 80mV. The 
average frequency of miniature end-plate potentials was about 0-2/sec, 
and their mean amplitude, 0-7 mV. 

3. Thetransverse resistance of the fibre membrane was about 4000Q. cm? 
and the membrane capacitance varied between 3 and 6uF/cm?. 


We are indebted to Drs O. Dahlbiick and E. Linder for providing the muscle specimens. 
This investigation was aided by United States Public Health Service research grant 
B-2646 from the National Institute of N eurological Diseases and Blindness, by the Muscular 
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Dystrophy Associations of America, Inc. and by the Air Research and Development 
Command, United States Air Force, through its European Office. Unfailing technical 
assistance was provided by Miss E. Adler. 
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THE SUPPORT OF ACTIVE POTASSIUM TRANSPORT IN HUMAN 
RED CELLS BY NUCLEOSIDES AND DEOXYNUCLEOSIDES 


By R. WHITTAM 
From the Department of Biochemistry, University of Oxford 


(Received 16 September 1960) 


Glucose is the predominant substrate for glycolysis in human red cells 
and the ultimate source of energy for the active transport of ions across the 
cell membrane. Lowy, Jaffe, Vanderhoff, Crook & London (1958) showed 
that lactic acid may also be produced from several nucleosides, and other 
workers have shown that these compounds support the accumulation of 
potassium (Gabrio, Donohue & Finch, 1955; Prankerd, 1956; Kahn & 
Cohen, 1957). A restoration of active cation transport is needed when 
cold-stored cells are incubated at 37° C, in order to prevent the entry of 


sodium chloride into the cells and eventual lysis owing to the colloid — 


osmotic pressure of haemoglobin (Davson & Danielli, 1938). A study has 
therefore been made of the efficacy of several nucleosides and deoxy- 


_ nucleosides in supporting both lactic acid production. and —— 


uptake in red cells of cold-stored blood. 


METHODS 


The preparation and incubation of cells have been described (Whittam, 1960). 

Extracts of the cells and of the cell suspension were made in trichloroacetic acid, and 
ribose was estimated by the method of Ceriotti (1955), deoxyribose by the method of Burton 
(1956), and lactate by the method of Barker & Summerson (1941). Potassium was esti- 
mated with a flame photometer (Amoore, Parsons & Werkheiser, 1958). Measurements of 
potassium influx were made by means of **KCl, following the procedure of Glynn (1956). 
To measure the influx on the addition of a nucleoside, **KCl solution was added simul- 
taneously and the **K in the cells was assayed after incubation for 15 and 30 min. Although 


. @n instantaneous measurement of influx is impossible, the effects found in this way are 


referred to as immediate changes in influx. 


RESULTS 
Lactic acid production from nucleosides 
The production of lactic acid from nucleosides and deoxynucleosides 
described by Lowy et al. (1958) has also been found in the present experi- 
ments. Table 1 shows the results of two experiments in which more lactate 
was formed from the nucleosides than from the corresponding deoxy- 
nucleosides. Thus, adenosine produced 3-0 and deoxyadenosine 1-9 m- 
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mole/l. cells/hr. The ribosides and deoxyribosides of guanine and hypo- 
_ xanthine produced about 20 % less lactate than those of adenine, but about 
50% more lactate was produced from the nucleoside than from the deoxy- 
nucleoside. No lactate was produced from glucose. 

In order to determine the number of moles of lactic acid produced per 
mole of sugar metabolized, the loss of ribose and deoxyribose was measured. 
The methods used for the sugar estimations did not distinguish between the 
free sugar and the sugar in the form of an ester or a nucleoside, and the 
column in Table 1 showing the loss of ribose or deoxyribose represents the 
difference between the total amount of sugar before (20-0 m-mole/I. cells) 
and after incubation. The loss of ribose varied from 3-9 m-mole/I. cells/hr 
with inosine to 4:5 m-moles/l. cells/hr with adenosine. The molar ratio of 
the lactate produced: sugar metabolized shows that less than one mole of 


TABLE 1. The production of lactate from nucleosides and deoxynucleosides 


Lactate Loss of ribose Ratio, moles 
produced or deoxyribose of lactate 


(m-mole/1. cells/hr) formed : moles of 
Substance added sugar lost 
Guanosine 2-2 4-2 0-5 
Adenosine 3-0 4-5 0-7 
Inosine 2-3 3-9 0-6 
Deoxyguanosine 1-4 4-0 0-4 
Deoxyadenosine 1-9 4-0 0-5 
Deoxyinosine 1-6 2-6 0-6 
Glucose 0 — — 


Conditions as in Table 2. 


lactate was produced for each mole of ribose that was metabolized, the 
ratio being 0-6 for inosine, 0-7 for adenosine and 0-5 for guanosine. Com- 
parable figures for lactate produced per mole of deoxyribose metabolized, 
are 0:6 mole for deoxyinosine, 0-5 mole for deoxyadenosine and 0-4 mole 
for deoxyguanosine. The results show that less than 1 mole of lactate was 
formed from each mole of sugar metabolized, both with nucleosides and — 
deoxynucleosides ; complete conversion to lactate would give ratios of 1-6, 
and part of the sugars must have produced other compounds, such as 
hexose phosphates and 2:3-diphosphoglyceric acid (Prankerd, 1956). 


Potassium movements and nucleosides 


Preliminary experiments showed that inosine and adenosine can replace 
glucose as the energy source for active potassium transport both in fresh 
red cells and in cells previously stored at 4° C with glucose for 5 days. In 
order to study the effect of glucose and nucleosides in cells that had been 
further depleted of potassium, red cells from 4-weeks-old cold-stored blood 
were washed free from glucose and allowed to stand a further day at 4° C 
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in the saline medium before incubation at 37°C. Measurements were 
made of the potassium influx at the start of incubation at 37° C and after 
2 hr. The net changes in a concentration after incubation for 3 or 
4 hr were also measured. 

Potassium influx. The main result \ was that the potassium influx after 
the addition of 10 mm glucose was the same as that in control cells without 
glucose (about 1 m-mole/I. cells/hr), both at the start of incubation and 
after 2 hr (Table 2). The addition (in concentrations of 10 mm) of ribose, 
deoxyribose, glucose plus adenine or hypoxanthine, or the pyrimidine 
ribosides, cytidine, thymidine and uridine. also had no significant effect on 


TaBLeE 2. The influx and net movements of potassium in red cells at 37° C after previous 
cold storage at 4° C (m-mole/I. cells/hr) 


Ratio, 

Time when influx Active net active 

measured (hr) Net change Active partof transport: 

| A inconcen- net influx active part 

Additions to cells 0 2 tration transport at 2hr of influx 

None 1-0+0-1 (10) 0-9 0 0 
Glucose 1-2+0+2 (5) 0-8 0-1 0 
Inosine 2-9+ 0-3 (9) 3-0 +0:8 2-4 1+] 
Adenosine 2-9 3-8 3-1 2-9 1-1 
Guanosine 32 +10 2-6 2-3 1-1 
Deoxyinosine 2-0 — — 0-6 1-0 — — 
Deoxyadenosine 2-3 4-1 +1-5 3:1 3-2 1-0 
Deoxyguanosine 1-8 2:8 +0-°5 2-1 1-9 1-1 


Red cells from 4-weeks old cold-stored blood were washed free from glucose and left for 
a further day at 4°C in phosphate saline medium. The suspension (10% haematocrit, 
pH 7-4) was then shaken in air at 37° C and additions were made to give final concentrations 
of 10 mm for glucose and 5 mm for ribosides and deoxyribosides. Mean values of at least two 
determinations of the influx and the net change in concentration are given: for 5 or more 
determinations (no. of observations in parentheses) the s.£. is also given. 


the potassium influx. In contrast, the addition of inosine, adenosine or 
guanosine caused an immediate increase in the potassium influx from 1-0 
to 2-9, 2-9 and 2-3 m-mole/l. cells/hr, respectively, even at the start of 
incubation. After incubation for 2 hr the values were 30-40% greater 
with adenosine and guanosine and unchanged with inosine. An immediate 
increase in the potassium influx was also found on the addition of deoxy- 
inosine, deoxyadenosine and deoxyguanosine, the values being 2:0, 2:3 
and 1-8 m-mole/I. cells/hr respectively (Table 2); these values are 20-30 °, 
lower than those found after the addition of the analogous nucleoside. 
Net changes in potassium concentration. Table 2 shows the rate of the net 
change in the potassium concentration during incubation for 3—4 hr. The 
rate of active net transport is taken to be the rate of net change with a 
compound added, minus the rate of net change without any addition. The 
addition of any of the nucleosides or deoxynucleosides supported an active 
net transport of potassium of 1-0-3-1 m-mole/I. cells/hr. These values may 
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be compared with the active component of the potassium influx after 2 hr 
incubation. (The active potassium influx is the influx with a compound 
added less the influx in the cells without any addition.) The rate of active 
net transport and the active influx are within 10% of each other, as shown 
by the values of 1-0 and 1-1 for the ratio of the active net transport: active 
part of the influx. | 

The active part of the influx was abolished when additions were made to 
the cell suspension of either 1 mm Na iodoacetate or 1 um ouabain, which 
inhibit glycolysis and active cation transport respectively (Schatzmann, 
1953). The results show that an active inward movement of potassium 
occurred into cold-stored red cells when various nucleosides or deoxy- 
nucleosides were added. | 


DISCUSSION 


Previous work has shown that various nucleosides support an accumu- | 
lation of potassium by human red cells under conditions when glucose is 
also effective (Gabrio et al. 1955; Prankerd, 1956; Kahn & Cohen, 1957), 
and the main finding described in this paper is that lactic acid production 
and active potassium movements may also be supported by various 
nucleosides and deoxynucleosides under conditions when glucose is ineffec- 
tive. The simplest explanation for the lack of effect of glucose is that cold- 
stored cells become so depleted of adenosine triphosphate (ATP) that 
glucose 6-phosphate is no longer formed from glucose, and lactic acid is 
therefore not produced. Erythrocytes are known to lose ATP during cold 
storage, although the precise time when its concentration would be too low 
to react with glucose via hexokinase does not seem to have been deter- 
mined. 

The effects of nucleosides and deoxynucleosides are probably a result of 
the production of pentose phosphates by phosphorolysis (Gabrio & 
Huennekens, 1955), which can be degraded to lactic acid without the need 
of ATP for the formation of sugar phosphate. The metabolism of the 
pentose phosphates to lactic acid will be accompanied by a resynthesis of 
ATP from the adenosine diphosphate and adenylic acid which accumulate 
during cold storage (Whittam, 1958). ATP is probably the link between 
glycolysis and active potassium transport in human red cells and must be — 
rapidly resynthesized in order to explain the immediate effect of the 
nucleosides and deoxynucleosides in increasing the potassium influx. 
Overgaard-Hansen (1957) showed that inosine, guanosine and adenosine 
caused a resynthesis of ATP of 0-16 m-mole/]. cells/min, which would be 
fast enough to account for the immediate effects of these compounds on 
potassium transport. 
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SUMMARY 


1. Human red cells from 4-weeks-old cold-stored blood were washed 
free from glucose and stored for a further day at 4° C without glucose. The 
lactic acid production and potassium transport were measured during 
subsequent incubation at 37°C after the addition of glucose or various 
nucleosides. 

2. Incubation with glucose produced a negligible amount of lactic acid 
and the loss of cell potassium was equal to that found in control cells 
without glucose. The addition of inosine, adenosine or guanosine or of the 
corresponding deoxynucleosides caused a production of lactic acid 
(1-4-3-0 m-mole/I. cells/hr) and about 0-5 mole lactic acid (0-4-0-7) was 
produced for each mole of ribose or deoxyribose that was metabolized. 

3. The nucleosides and deoxynucleosides supported an active inward 
movement of potassium, shown by measurements both of the influx and 
the net changes in the cell potassium concentration. 

4. It is suggested that the support of an active uptake of potassium by 
nucleosides and deoxynucleosides under conditions in which glucose is 
ineffective is due to the formation of pentose phosphates, which yield 
lactic acid. 


This work was aided in part by grants from the Rockefeller Foundation and the National 
Institutes of Health, United States Public Health Service (Grant No. A-3369). 
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THE HIGH PERMEABILITY OF HUMAN RED CELLS TO 
ADENINE AND HYPOXANTHINE AND THEIR RIBOSIDES 


By R. WHITTAM 
From the Department of Biochemistry, University of Oxford 


(Received 16 September 1960) 


Human red blood cells are highly permeable to glucose, which is their 
normal substrate for glycolysis. Several nucleosides also yield lactic acid, 
however, and like glucose they support the active transport of sodium 
and potassium ions (Kahn & Cohen, 1957; Lowy, Jaffe, Vanderhoff, Crook 
& London, 1958). During an investigation of the effects of nucleosides on 
cation transport a number of questions arose about the permeability of the 
red-cell membrane to these compounds (Whittam, 1960). This paper 
describes the resulting study of the uptake of inosine, adenosine, hypo- 
xanthine and adenine by human red cells. The main findings are the high 
membrane permeability to these compounds and the intracellular con- 


version of adenine to a non-diffusible form when asubstrate for glycolysis was 


provided. 


METHODS 


Preparation of cells for incubation. Blood which had been stored for 4 weeks at 4° C in the 
_‘acid-citrate dextrose’ solution used in Blood Transfusion Centres (the following solution 
is mixed with 420 ml. of blood: anhydrous glucose 3-0 g, disodium hydrogen citrate hydrated 
2-0 g, water 120 ml.) was obtained from the Radcliffe Infirmary, Oxford. The cells were 
washed five times with saline medium (mm: NaCl 150, KCl 5, sodium phosphate, pH 7-4, 10) 
to remove glucose, and the white cells and the upper layer of red cells were removed by suction. 
The remaining red cells were’ suspended in the saline medium (50% haematocrit) and 
shaken in air in stoppered conical flasks in a water-bath at 5 or 37°C. Samples of the 
suspension were removed after various times for chemical analysis. Precautions to ensure 
sterile conditions of incubation were not taken, but it is unlikely that bacterial growth during 
the longest period of incubation of 2 hr would affect the results. 

Haematocrit determinations. Samples of the suspension were taken at the beginning of 
each incubation for haematocrit determinations, which were made by centrifuging the 
suspension in capillary tubing of uniform bore (13 cm long and 3 mm bore) for 30 min at 
1500 g. The haematocrit value was taken to represent the actual cell volume, since the volume 


of trapped fluid under these conditions is probably not more than 2% (Jackson & Nutt, 
1951). | 


Chromatography 
Samples of the medium after various periods of incubation were dried on Whatman No. | 
filter paper in a stream of air at room temperature after previously washing the paper 
according to the directions of Eggleston & Hems (1952). A separation of inosine and adeno- 
sine from hypoxanthine and adenine respectively was required by using a solvent which 
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itself did not absorb in ultra-violet light. The most convenient solvent was found to be 
0-1 msodium borate, pH 10-0 (see Burke, 1954, for electrophoretic separation), with which an 
ascending solvent front for 6 hr at 20°C gave separations with the R» values shown in 
Table 1. The separations of the compounds were reproducible and tailing was not en- 
countered. Inosine was eluted from the paper with 4-0 ml. 0-1m sodium phosphate (pH 3-0) 
and estimated from its absorption at 250 my, using an extinction coefficient of 11,800 
(Kalckar, 1947). 
Radioactive chemicals 

8-“C adenine sulphate and 8-“C hypoxanthine were supplied by the Radiochemical 
Centre, Amersham, and standard solutions of these were added to the saline medium. The 
fall in the radioactivity in the medium was measured by drying known volumes (20-80 yl.) 
of the medium on Whatman No. | filter paper, which was then placed below an end-window 
G-M tube for the assay of the disintegration rate. A standard solution of the labelled purine, 
with respect both to radioactivity and to concentration, gave counts per minute propor- 
tional to the volume of the solution dried on the paper, and, therefore, allowed the concen- 
tration in samples of medium to be calculated from the disintegration rate. 1 ye gave 
65,000 counts/min under the present conditions of counting. 


TABLE |. Ry values of purine-containing compounds after 6hr | 
ascending migration at 20° C ; 


Compound Ry, Compound Ry 
Tnosine 0-86  Hypoxanthine 0-64 
Xanthosine 0-85 Deoxyadenosine 0-53 
Deoxyinosine 0-79 Uric acid 0-53 
Guanosine 0-78 Guanine 0-43 
Deoxyguanosine 0-67 Adenine 0-37 
Adenosine 0-64 


Sodium borate solution (0-1m, pH 10-0), in a glass tank (52 cm deep), was allowed to 
ascend Whatman No. | filter paper on which solutions of the compounds had been dried 
and which was supported from the lid of the tank. The chromatograms were then dried at 
room temperature and examined under a low-pressure mercury lamp (Chromatolite, 
Hanovia, Slough), when the compounds were located as dark areas on a light background. 
Photographs of the chromatograms under ultra-violet light were also made, essentially as 
described by Markham & Smith (1949). 

RESULTS 
The permeability of red cells to nucleosides 
and deoxynucleosides 

Inosine. The uptake of inosine by human red cells was taken to be equal 
to the disappearance of inosine from the saline medium of a 50% cell 
suspension. Inosine was added to several portions of the suspension to give 
concentrations in the medium of 36, 18 and 9.mm in order to see in what 
way the uptake of inosine by the cells was proportional to the initial 
external concentration. Samples of the suspension were centrifuged after 
being shaken for 5, 10 and 20 min at 37° C, and inosine was analysed in the 
medium. The results (Table 2) show that already after 5 min the concen- 
trations in the medium had fallen to 47, 58 and 68% of the initial concen- 
trations, when the latter were 36, 18 and 9 mm respectively. Little further 


change occurred between 5 and 20 min. The percentage uptake by the 
40-2 
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cells (68%) with the lowest concentration in the medium (9 mm) was 
greater than that (47%) when the concentration was 36mm. Since a 
limited amount of phosphorolysis of inosine will lower the intracellular 
concentration of inosine, this result is to be expected in order to produce 
the same distribution of inosine between cells and medium with both low 
and high concentrations. The results are consistent with an uptake of 
inosine by the cells sufficient to produce apprommately equal concentra- 
tions in the cells and medium. 


TasixE 2. The fall in the inosine concentration in the medium 
during the incubation of red cells at 37° C 


Percentage Minimum rate 


Inosine fall in of uptake of 
concn, in inosine inosine by cells 
Time medium concn. in (m-mole/1. 
(min) (mm) medium cells/hr) 
0 36-0 
5 19-0 47 
10 21°5 40 
20 18-0 50 -— 
0 18-0 0 
5 15 58 
10 8-0 55. 
20 7°5 58 
0 9-0 0 
5 3-0 
10 3-0 68 
20 2-0 78 


Washed, cold-stored red cells were added to samples of saline medium containing inosine 
at concentrations of 9, 18 and 36 mm. The suspensions (50% haematocrit) were shaken in 
conical flasks in a water-bath at 37° C and samples were removed after 5, 10 and 20 min. 


The inosine concentration in the medium was measured after centrifugation to remove the 
cells. 


The rates of net entry of inosine calculated from these results are 
minimum ones, because inosine may have reached equilibrium in less than 
5 min. In view of the limitations of the technique of centrifugation for the 
sampling of the medium for short periods of incubation, it did not seem 
worth while to attempt to measure the exact rate of uptake. However. 
the minimum values for the rate of entry are 200, 120 and 70 m-mole,]. 
cells/hr for initial concentrations in the medium of 36, 18 and 9 mM 
respectively. These results show that, within this range of concentration, 


the minimum rate of net entry of inosine into the cells was directly pro- . 


portional to the concentration in the medium. 

Adenosine. Accurate measurement of the rate of uptake of adenosine is 
complicated, because this compound is deaminated to inosine in human red 
cells (Conway & Cooke, 1939), and two processes in series will, therefore, 


determine the rate of uptake of adenosine from the medium. The uptake 
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will be governed first by the permeability and secondly by the rate of 
lowering of the intracellular concentration owing to the deamination to 
inosine. To obtain an estimate of the uptake of adenosine by cells the 

absorption spectrum of the medium was measured after different periods 
of incubation when the initial concentration of adenosine in the medium 
was 20 mM. The fall in the height of the peak for adenosine at 260 my 
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Fig. 1. The change in the peak of the absorption spectrum of the medium during the 
incubation of red cells with adenosine. Washed, cold-stored red cells were incubated 
at 37° C in a saline medium containing 20 mm adenosine. The cells were separated 
from the medium after various periods of incubation and the absorption spectrum 
of the medium in the range 240-270 my was measured. 


within 15 min shows that adenosine was taken up from the medium 

(Fig. 1), and the minimum rate of uptake was 110 m-mole/l. cells/hr. 

Furthermore, the peak of absorption gradually changed from 260 to 

250 my until, after 2 hr, the curve was characteristic of hypoxanthine or 

inosine to which adenosine is deaminated. This result shows that there i is 
a rapid entry of adenosine into human red cells. 


The permeability of red cells to hypoxanthine and adenine | 
In view of the high permeability of human red cells to inosine and 
adenosine it was of interest to see whether the purines hypoxanthine and 
adenine also readily crossed the cell membranes. In the following experi- 
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ments, the disappearance of either 'C-labelled hypoxanthine or adenine 
was followed from the medium of a cell suspension with an approximately 
50% haematocrit. | 

Hypoxanthine. Preliminary experiments showed that the hypoxanthine 
concentration in the medium fell to a constant level within 5 min of the 
addition of washed cells and that no further change occurred after incu- 
bation for 1 hr. A variation of the initial hypoxanthine concentration from 
0-2 to 6-8 mm made no difference to the percentage of the medium hypo- 
‘xanthine which entered the cells. Table 3 shows that about 50% (range 
51-57) of the hypoxanthine initially present in the medium was taken up 
by the cells, and that the ratio of the concentrations in cells: medium must 
consequently have been between 1-0 and 1:3. 

To see whether glycolysing cells took up more hypoxanthine than 
washed cells, guanosine was added as a convenient substrate for lactic 
acid production (Whittam, 1960). Table 3 shows that the addition of 
guanosine had no effect on the amount of hypoxanthine entering red cells, 
which was about 50% (range 46-52) of the initial amount present. It 
may be concluded that hypoxanthine reaches equilibrium across the red 
- cell membrane within 5 min and that no appreciable concentration gradient 
was established between the cells and medium. 

The fall in the concentration of hypoxanthine in the medium was also 
measured after incubation at 5° C and after the addition separately at 
37° C of 0-4 mm uric acid, 3-8 mm allantoin and 7-0 mm adenine, as it was 
thought that these compounds might inhibit the uptake of hypoxanthine 
by the cells owing to their similar molecular structure. Within the limits 
of the present techniques, these conditions of incubation had no effect on 
the extent of the uptake of hypoxanthine. 

Adenine. The fall in the adenine concentration in the medium was 
measured when the range of the initial concentration was 1-6—7-7 mm. 
Tnosine was added to part of the suspension as a substrate for glycolysis 
to see whether it caused a greater uptake of adenine. Table 3 shows that 
after incubation at 37°C for 30-60 min, the fall in the adenine concen- 
tration in the medium without inosine was between 53 and 63%, which 
indicates that adenine must have reached approximately equal concen- 
trations in the cells and medium. 53% of the adenine in the medium was 
also absorbed by the cells incubated with inosine when the initial adenine 
concentration was 7-7 mM, but at lower concentrations of adenine a greater 
percentage was removed. Thus, when the initial concentrations were 
0-6—1-6 mm more than 95 % of the adenine in the medium was taken up by 
the cells in the presence of inosine. More than 95% of the adenine in the 
medium was also taken up by the cells during incubation with either. 
glucose, deoxyinosine or adenosine. It therefore seems that cold-stored 
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red cells provided with a substrate for glycolysis absorb more than 95 %, 
of the adenine in the medium when its concentration is 1-6 mm or lower. 
The uptake of 52-65 % by glycolysing cells with the higher concentrations 
of adenine (3-0, 4-6 and 7-0 mm) suggests that the greater uptake of 95% 
at the lower concentrations was not the result of an active transport of 
adenine into the cells that depends on glycolysis, because an active uptake 
would be expected to operate over the whole range of concentration. 


Taste 3. The fall in the concentrations of hypoxanthine or adenine in the medium during 
the incubation of red cells at 37° C 


Percentage fall 
Initial conen. in conen, in 
Additions to in medium medium after 
Purine suspension (mm) 30-60 min 


None 


Hypoxanthine 


Guanosine 10 mm | 
None 


Adenine Inosine 10 mm 


Inosine 10 mm + iodo- 
acetate 1 mm 

Glucose 10 mm 

Deoxyinosine 10 mm 

\ Adenosine 10 mm 


Washed, cold-stored red cells were added to samples of saline medium containing either 
MC.labelled hypoxanthine or “C-labelled adenine at the concentrations shown. Further 
additions of various compounds were made to the suspensions (50% haematocrit) before 
they were incubated at 37° C for 30-60 min. After the separation of the cells by centri- 
fugation the concentration of hypoxanthine or adenine in the medium was determined by 
the measurement of the decay of “C from Whatman No. 1 filter paper on which small 
volumes (0-02—0-08 ml.) of the medium had been dried. 
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The time course of the uptake of adenine both at 5 and 37° C is shown in 
Fig. 2. Equilibrium was reached after 5 min at each temperature, but only 
67° of the adenine in the medium was taken up by the cells at 5° C, in 
contrast to 97% uptake at 37° C. The effect of lowering the temperature, 
therefore, was to prevent the extra uptake of adenine by the cells with 
inosine that was found during incubation at 37°C. Figure 2 shows that 
after a portion of the suspension was transferred from 5 to 37° C, an 
additional 30° of the adenine in the medium was taken up by the cells. 
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The converse experiment of transferring a sample of suspension from 37 
to 5° C had no effect on the adenine concentration in the medium, sug- 
gesting that the adenine taken up at 37° C was not able to leak back into 
the medium on cooling. | 


100 


75 


Uptake of adenine by cells (%) 


60 90 120 
Time (min) 


Fig. 2. The percentage uptake of adenine from the medium during the incubation of 
red cells at 5 or 37° C. Washed, cold-stored red cells were incubated either at 5 (O) 
or at 37° C (@) in a saline medium (50% haematocrit) containing 20 mm inosine 
and about 0-6 mm “C adenine. The uptake of adenine by the cells was followed by 
measuring the fall in “C-adenine in the medium, from which the cells were 
separated by centrifugation. The decay of “C was measured from Whatman No. 1 
filter paper on which samples of the medium (0-02-0-08 ml.) had been dried. 
1 mm sodium iodoacetate was added to portions of the suspension either at the 
start of incubation (A) or after 30 min (A). A sample of the suspension was 
transferred after 60 min from 5 to 37° C and left for a further 60 min (®). 


The avid uptake of adenine at 37° C in the presence of a substrate for 


glycolysis suggested that iodoacetate, by its inhibition of glycolysis (triose- 
phosphate dehydrogenase), might counteract the effect of the substrate. 


This proved to be so (Table 3 and Fig. 2), for the uptake was 63 % instead 
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of 97% after the addition of 1 mm iodoacetate. This compound was also 
added after 30 min incubation with inosine, and Fig. 2 shows that only a 
small amount (12 %) of the adenine initially taken up leaked from the cells 
into the medium. 
DISCUSSION 
Inosine and adenosine 

The permeability of human red cells to nucleosides and purines does not 
appear to have been previously studied, and precise measurements of the 
rates of movement have not been possible in the present work owing to the 
high permeability that was found. The results with inosine and adenosine, 
however, show that these compounds were taken up by the cells from the 
medium and that the equilibrium of inosine bet+vzen cells and medium in 
approximately equal concentrations occurred within 5 min. Because of the 
deamination of adenosine in human red cells (Conway & Cooke, 1939), 
adenosine did not reach a steady distribution across the membrane, but 
its uptake during the first 15 min of incubation indicated a high membrane 
permeability. Although only a qualitative description of the permeability 
is possible, the present study of the uptake of inosine and adenosine has 
shown that it is high enough not to be a limiting factor when these sub- 
stances are used as sources of energy by human erythrocytes, which have 
been previously stored for 4 weeks at 4° C. The high membrane perme- 
ability to these compounds is consistent with their utilization as sources of 


energy to give the immediate increase in potassium influx which was found | 


on their addition to cold-stored cells (Whittam, 1960). 


Hypoxanthine and adenine 

Hypoxanthine reached a roughly equal distribution between cells and 
medium within 5 min when it was initially present in the medium. No 
evidence was found for an active transport of hypoxanthine either into or 
out of the cells, for neither the temperature of incubation (5 or 37° C), the 
presence or absence of glycolysis nor the addition of compounds of a 
similar molecular structure like uric acid, adenine and allantoin had any 
effect on the extent of the uptake. 

The uptake of adenine resembled that of hypoxanthine in being fast, 
but differed in being greater when a substrate for glycolysis was present at 
low concentrations of adenine in the medium. Several compounds that are 
converted to lactic acid by red cells (inosine, glucose, deoxyinosine and 
adenosine) caused an almost complete uptake of adenine from the medium 
(more than 95°) when the initial concentration was 1-6 mm or lower. 
- When glycolysis was suppressed, either by deprivation of substrate, by 
cooling to 5° C or by the addition of iodoacetate, the cells in a 50% sus- 
pension took up only about 60% of the adenine of the medium. Once 
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adenine had been taken up by the cells at 37° C, the addition of iodoacetate 
caused only a small leakage, and subsequent cooling to 5° C caused no 
release of adenine to the medium. 

The results suggest that glycolysing human red cells may convert 
adenine into a form that is unable to pass readily out of the cell. At high 
concentrations of adenine (3-7 mm), the percentage of adenine taken up by 
the cells was the same both in the presence and absence of glycolysis, 
presumably because the amount of adenine that may be converted to a 
non-diffusible form was low relative to the absolute amount present. This 
observation makes it unlikely that adenine was actively transported into 
the cells. The most likely compounds that could arise from adenine and be 
unable to leave the cells are the adenine nucleotides, and it is of interest 
that Nakao, Nakao, Tatibana, Yoshikawa & Abe (1959) briefly described a 
synthesis of adenosine triphosphate by human erythrocytes, which has also 
been observed under the conditions of the present experiments (J. S 
Wiley & R. Whittam, unpublished). Possible differences in purine meta- 
bolism that may explain the greater uptake of adenine than hypoxanthine 
by glycolysing cells are being investigated. 


SUMMARY 


1. A study has been made of the uptake of inosine, adenosine, hypo- 
xanthine and adenine from a saline medium during the incubation of 
cold-stored human red cells under various conditions. | 

2. The inosine concentration in the medium fell within 5 min at 37° C 
to a constant level that was consistent with an even distribution of inosine 
between the cells and medium. Adenosine was quickly taken up by red 
cells and was deaminated to inosine. 

3. Hypoxanthine reached an approximately even distribution between 
cells and medium within 5 min at 37° C; this was not changed by either 
cooling or the addition of guanosine as a substrate for glycolysis. 

4. At concentrations of adenine in the medium of 3-0—7-7 mM, approxi- 
mately equal concentrations between cells and medium were reached 
within 5 min at 37°C. At low concentrations (0-6—-1-6 mm) adenine was 
almost completely taken up by the cells in the presence of substrates for 
glycolysis; cooling and iodoacetate abolished this metabolically dependent 
uptake. It was concluded that adenine may be converted into another 
form to which the membrane is impermeable. | 


This work was aided in part by grants from the Rockefeller Foundation and the National 
Institutes of Health, United States Public Health Service (Grant No. A-3369). I am very 
grateful to Mrs Muriel A. Levin for skilled technical assistance. 
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The recording of the membrane potential in skeletal muscle by 
the sucrose-gap method. By D. Exmoavist. Department of 
Pharmacology, University of Lund, Sweden 


Secretion from the submaxillary gland after partial post- 
ganglionic denervation. By N. Emme in. Institute of Physiology, 
University of Lund, Sweden | 


One to three days after section of the auriculo-temporal nerve in the 
cat the parotid gland shows periods of secretory activity, alternating with 
periods of rest. When the gland is secreting, the flow of saliva occurs in 
bursts, and this type of secretion has been termed ‘paroxysmal secretion’. 
It is supposed to be due to acetylcholine, released in bursts from the 
endings of the degenerating post-ganglionic nerve fibres (Emmelin & 


Strémblad, 1958). 


Attempts were made to see whether a similar secretion can be evoked in 
the submaxillary gland of the cat. Owing to the fact that many of the 
synapses of the parasympathetic pathway are situated within this gland, 
a complete post-ganglionic parasympathetic denervation cannot be made; 
but it is possible to make a partial denervation by tracing the chorda 


tympani, under the dissecting microscope, along the salivary duct and - 


cutting it close to the gland (Emmelin, 1960). In such preparations under 
chloralose anaesthesia no secretion could be detected 1-2 days after the 
operation. This failure could be due to the fact that the denervation was 
partial only, the amounts of acetylcholine released being too small to 
stimulate the secretory cells. In further experiments these cells were 
therefore sensitized by previous section of the preganglionic parasym- 
pathetic fibres. About 3 weeks later the degenerated chorda was dissected 
towards the hilum of the gland. These operations were carried out under 
ether and hexobarbitone anaesthesia, respectively. On the following day the 
cat was given chloralose and the submaxillary ducts were cannulated. 
Saliva was found to flow more or less continuously from the gland of the 
Operated side, but not from the contralateral gland. The flow continued 


4 
‘oe 
; 
We 
og 
of 
c 
a 
i 


3 
4 


2P PROCEEDINGS OF THE PHYSIOLOGICAL 


after the intravenous injection of hexamethonium or dihydroergotamine. 
It was accelerated by eserine and abolished by a small dose of atropine. 
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The late Professor Thunberg’s micro-respirometer and baro- 
spirator. By P. Persrsren. Institute of Physiology, U 2a of 
Lund, Sweden 


Thunberg appears to have been the first to discover that : nervous tissue 
respires, takes up oxygen and gives up CO,. This discovery he made with 
his micro-respirometer by which he could measure oxygen consumption 
and CO, production in small units of tissue (1904). Using this apparatus he 
could also demonstrate that traces of certain metals, for example man- 
ganese salts, strongly catalyse tissue respiration. 

In 1926 Thunberg published the principle of his barospirator which 
technically was elaborated at the Physiological Institute in Lund by 
Enghoff. Thunberg introduced a new principle, ventilation of the lungs 
without respiratory movements. This is achieved by enclosing the patient 
in a closed respiratory chamber in which the air pressure is made to 
pulsate with a suitable amplitude and frequency. The barospirator was 
primarily used in the treatment of poliomyelitis, but Thunberg’s principle 
has since been employed in the U.S.A. for immobilization of the |e in 
the treatment of pulmonary tuberculosis. 
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Instruments and appliances recently designed and made at the 
Institute of Physiology, University of Lund, Sweden. By 
B. CLeMENTZ. Institute of Physiology, University of Lund, Sweden 


Retardation of rapid growth in plant tissues (yellow peas) by 
the enzyme inhibitor semicarbazide. By G. Kanuson and Exsa 
ROsENGREN. Institute of Physiology, University of Lund, Sweden 

Rapid mammalian tissue growth, such as embryonic development and 
reparative growth in healing skin wounds, is associated with a high hist- 
amine-forming capacity in embryonic and granulation tissues. Embryonic 
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development is prevented (Kahlson & Rosengren, 1959) and the healing 
of wounds retarded (Kahlson, Nilsson, Rosengren & Zederfeldt, 1960) by 
semicarbazide, which inhibits the enzyme histidine decarboxylase. The 
growth of roots and leaves in germinating peas is also conspicuously retarded 
by semicarbazide in concentrations down to 10-5. 
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Effects of androgens and oestrogens on mammary glands of 
hypophysectomized rats injected with thyroxine, insulin and 
cortisone. By Dora Jacossoun. Institute of Physiology, University 
of Lund, Sweden 


_ The growth reaction of the mammary glands to ovarian hormones fails 


to occur in hypophysectomized rats. However, injection of hypophysecto- 
mized rats with insulin and cortisone with or without thyroxine in addition 
to ovarian hormones did result in mammary growth. This effect’ was 
assumed to be due to the beneficial actions of thyroxine, insulin and 
cortisone on the general metabolism. 

Androgens do not produce growth of alveolar lobules in rats without 
pituitary gland. Instead, a hyperplasia and proliferation of the epithelium 
of ducts is induced. The abnormal reaction of the mammary glands could 
not be restored towards normal by injections of testosterone into gonadecto- 
mized hypophysectomized rats treated with insulin and cortisone with or 


without thyroxine (Donovan & Jacobsohn, 1960a, 6; Jacobsohn, 1960). 


Observations on castrated male rabbits showed that testosterone does 
not elicit mammary growth, unless’ given in extremely high doses or 
together with oestrone. The effect, if any, of testosterone in physiological 
amounts was largely dependent on the dose of oestrone (Bengtsson & 
Norgren, 1960). 


_ The failure of testosterone in hypophysectomized rats to induce mam- 


Mary growth similar to that occurring in male rats with intact pituitary 
glands might then be due to a reduction of the blood level of oestrogenic 
hormones, the formation of which is not restored by the treatment with 
thyroxine, insulin and cortisone. This possibility was studied in the 
present work on hypophysectomized male rats injected with pregnant 
Mare serum gonadotrophin (PMS) and on spayed hypophysectomized 
female rats injected with testosterone. 

- The schedule of injections and the doses of PMS, testosterone, thyroxine, 
insulin and cortisone were the same as in previous work (Donovan & 
Jacobsohn, 1960a,b). In the present experiments daily injections of 
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0-5 ug oestradiol benzoate for 2 days, followed by 0-05 or 0- “Ihe oestrone, 
were added to the treatment. 

The results obtained from experiments with PMS, thyroxine, insulin 
and cortisone in various combinations were as follows: (1) PMS stimulated 
the growth and hormonal activity of the testes and induced the same 
abnormal reactions of the mammary glands as testosterone under com- 
parable conditions. (2) The addition of oestrogens modified the reaction of 
the mammary glands to PMS in the group treated with thyroxine, insulin 
and cortisone. Alveolar lobules, but no end buds were present in the 
glands of all rats of this group as well as in those of another group receiving 
the same treatment but without thyroxine. 

Testosterone injected together with oestrogens into gonadectomized 
hypophysectomized rats treated with insulin and cortisone also induced 
a development of alveolar lobules. The addition of oestrogens did not, 
however, modify the reaction of the glands to testosterone when insulin 
was omitted. 

The extent of alveolar development was less than in incompletely- or 
non-hypophysectomized rats. The present observations indicate, never- 


theless, that the growth reaction of the rat’s mammary gland to androgens | 


is, as in rabbits, dependent on concomitant actions of oestrogens. The 
_ results obtained from the different groups support the view that the 
general metabolism is important for the growth of the mammary glands. 
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The physiological basis of habituation. A preliminary showing 
of the effects of cerebral lesions upon habituation. By E. M. 


GuasER and J. P. Grirrin. Department of Physiology, London 
Hospital Medical School, London, E. 1 


Evidence on selective inhibition of vagally induced gastric secre- 
tion caused by hyperglycaemia. By G. Dorgvaut and A. MuREN. 
Medical Clinical I, University Hospital, and Department of Physiology, 
University of Gothenburg, Sweden 


It is well known that hypoglycaemia provokes gastric secretion by 
increasing vagal activity; and the insulin test has accordingly been widely 
used as a method to judge whether the vagal innervation to the stomach is 
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jntact or not. As regards the effect of hyperglycaemia the information is 


limited, but inhibitory effects of intravenously administered glucose have 
been reported (Babkin, 1950). According to studies on clinical material, 
the incidence of gastric over-secretion and peptic ulcer is very low in 
diabetes mellitus (Joslin, Root, White & Marble, 1959; Dotevall, 1959). 
Recent studies have even shown that the basal secretion of hydrochloric 
acid is significantly lower in diabetics than in normal individuals (Dotevall, 
1960). 

The effects of intravenous infusion of glucose have been studied in dogs 
with Pavlov or Heidenhain pouches in which gastric secretion has been 
induced by different methods. So far, the following ways of stimulation 
have been used: insulin, sham-feeding or teasing, feeding and histamine. 
Gastric juice volume and acidity were estimated at 15 min intervals during 


periods of up to 8 hr. After stimulation, 30% glucose solution was 


infused intravenously, causing a blood sugar level of 300-400 mg/100 ml. 
The influence of glucose on secretory volume and acidity observed in these 


experiments was the following: (a) complete inhibition after insulin or 


during sham-feeding in Pavlov-pouch dogs; (b) partial or no inhibition 
after feeding in Pavlov-pouch dogs, depending on how soon after feeding 
glucose was given; (c) no inhibition after feeding in Heidenhain-pouch 
dogs; (d) no inhibition at all after histamine. 

The present observations suggest that hyperglycaemia slactivaly 


_ inhibits or blocks the cephalic phase of gastric secretion. A consequence 


of this would be that intravenous infusion of glucose offers a simple method 
for quantitative distinction between the cephalic and the gastric phases of 
secretion. 
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A simplified method of recording the effect of conditioning 
volleys on monosynaptic discharges. By Bireirta Hotmavist, 
A. LunpDBERG and P. VoorHOoEVE. Institute of Physiology, University 
of Lund, Sweden 


The ventilation of human lungs under standardized breathing 
‘conditions. By R. Jmrnievs, 8. Licurneckert, C. LUNDGREN 
and G. Lunpin. Institute of Physiology, Division of Aviation 
Medicine, University of Lund, Sweden 
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Histamine-induced bronchoconstriction in man. By A. Bounvys, 
C. B. MoKerrow and P. D. OtpHam. Institute of Physiology, 
University of Lund, Sweden 


Some physical and physiological principles in the design of 
breathing apparatus for frogmen. By M. ARBORELIUS, JR. and 
C. Lunperen. Institute of Physiology, University of Lund, Sweden 


The role of the chemoreceptors in the cardiovascular responses 
to systemic hypoxia in the dog. By M. pr Buren Daty and 
Mary J. Scorr. Department of Physiology, St Bartholomew’s H ospital 
Medical College, London, E.C.1 


We have shown previously that in the dog the primary cardiovascular 
reflex effects of carotid body chemoreceptor stimulation are bradycardia, 
a decrease in cardiac output and an increase in total peripheral vascular 
resistance (Daly & Scott, 1958, 1959). These effects, however, are usually 
masked as a result of events arising secondarily from the concomitant 
reflex stimulation of respiration. The secondary effects are tachycardia, an 
increase in cardiac output and a reduction in total peripheral vascular 
resistance. In these experiments the isolated perfused carotid bodies were 
stimulated by hypoxic blood; the animals breathed room air, and the 


medullary centres therefore received oxygenated blood. 


The aim of the present experiments was to find out what part, if any, 
the chemoreceptors play in the cardiovascular responses to systemic 
hypoxia. 

The method used was similar in principle to that aaaioved by Neil 
(1956). Dogs, anaesthetized with chloralose and urethane following 
premedication with morphine hydrochloride, were made hypoxic by sub- 
stituting 7-12% O, in N, for room air. During hypoxia the chemo- 
receptor drive was abolished by changing the carotid body perfusate from 
hypoxic blood to oxygenated blood obtained from a donor animal (Daly & 
Scott, 1958). Cardiac output was measured by the dye-dilution method. 

It was found that with the carotid bodies perfused from the same animal, 
systemic hypoxia usually caused an increase in respiratory minute volume, 
tachycardia, an increase in cardiac output and a reduction in total peri- 
pheral vascular resistance. 

The carotid body perfusate was then changed from hypoxic recipient 
blood to oxygenated donor blood while the recipient animal continued to 
breathe the low- -oxygen gas mixture. This caused a reduction in respiratory 
minute volume, a further increase in heart rate and in cardiac output; the 
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Asal peripheral vascular resistance decreased. When hypoxic blood per- 


fusion of the carotid bodies was re-established these effects were reversed. 

These results indicate that the cardiovascular effects of systemic hypoxia 
cannot be attributed to stimulation of chemoreceptors; indeed they 
actually antagonize the responses. These findings fall into line with those 
of Neil (1956) and of Daly & Scott (1959) who, using the cat and dog 
respectively, concluded that the carotid bodies do not contribute to the 
production of the tachycardia of systemic hypoxia. 

The mechanisms responsible for the cardiovascular effects observed in 
systemic hypoxia remain obscure. 
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- Chemoreceptor impulse activity evoked by perfusion of the 


glomus at various pCO, and pH values. By N. Joxts and 
E. New. Department of Physiology, Middlesex Hospital Medical 
School, London, W. 1 
In anaesthetized cats the carotid body was vascularly isolated and 
perfused via the common carotid artery by Krebs—Henseleit solutions at 


constant temperature and hydrostatic pressure. All solutions were 


equilibrated with known partial pressures of CO, and O,; their pH was 
measured by a glass electrode. By adjusting the bicarbonate concentration 
the pCO, could be varied without affecting the pH, or alternatively the 
pH could be changed, although the pCO, remained constant. 

Impulse activity in pure chemoreceptor preparations was recorded as 
described by Heymans & Neil (1958). 

Effects of changing pCO, in the isohydric perfusate. A rise of pCO, 
increased chemoreceptor impulse activity. The stimulant effect of raised 
pCO, is therefore not wholly dependent upon changes in extracellular pH. 
This effect of CO, occurred whether the pO, of the perfusate was high or 
low. 

Effects of changing pH of the perfusate, pCO, remaining steady. Chemo- 
receptor impulse activity increased as the pH fell. Again this effect was 
obtained whether the pO, of the perfusate was high or low. The response, 
indeed, of the chemoreceptors to anoxia was surprisingly feeble if the pH of 
the perfusate was very area e.g. 7-75. 
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The effect of capsaicine on pulmonary arterial baroreceptors. 
By J. C. G. Coturmes and C. Kipp. Department of Physiology, 
School of Medicine, Leeds 2 


Observations on blood flow in the myocardium of the rabbit. 
By J. Grayson and D. MenpeE. Department of Physiology, University 
College, Ibadan, Nigeria 


The technique of internal calorimetry has been applied to the measure- 
ment of blood flow in the myocardium of the rabbit (Grayson & Mendel, 
1960). In the present work observations have also been made on the dog 
and the baboon (Papio anubis). Recorders were inserted at open operation 
directly into the myocardium of the left ventricle. Coronary circulation 
was at no time interrupted or impeded and trauma to the heart and its 
nerve supply was minimal. 

In the rabbit at systemic blood pressures of 90 mm Hg, the average 
dk value (difference between thermal conductivity of living and dead 
muscle) was 21 x 10~ c.g.s. units; approximately 2} times. greater than 
corresponding values for rabbit liver, suggesting a correspondingly 
higher blood flow per unit mass of tissue. 

Mean systemic pressure was controlled by a compensator siainanted to 
a femoral artery (Grayson & Johnson, 1953). Blood pressure was lowered in 
stages from 90 mm Hg to zero. In the rabbit, where pulse rate did not vary 
until very low pressures were reached, linearity was found between pressure 
and flow (Grayson & Mendel, 1960). In both dog and monkey, where pulse 
rate rose slightly with falling pressures, a similar linearity was found, 
suggesting that in the dog and monkey, as in the rabbit, systemic blood 
pressure is a main determinant of myocardial blood. There was no evidence 
of autoregulation or of effective critical closing. 

In the rabbit evidence has been adduced suggesting that sympathetic 
activity maintains a marked degree of myocardial resistance to blood 
flow (Grayson & Mendel, 1960). In the dog and monkey sympathetic 
blockade with Rogitine (CIBA) produced a marked rise in myocardial blood 
flow, although linearity between pressure and flow was not affected. Nor 
was the linearity affected by atropine or vagal section. 

It must be concluded, then, that the diminution which occurred in flow 
with falling pressure was not due to nervous activity. It would also seem 
likely that in dog and monkey, as in rabbit, tonic sympathetic activity 
plays some part in maintaining myocardial resistance to blood flow. This 
may not be a simple vascular response, however, since in the rabbit there 
is good evidence that rate and force of contraction are also important 
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determinants of blood flow. The same probably holds true in dog and 
monkey, although the present evidence is incomplete. 
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A mechanism for an ectopic pace-maker in anoxic rat heart. 
By J. F. Lams. Department of Veterinary Physiology, University of 
Edinburgh 


During experiments with DNP on rat auricles (Lamb, 1960) it was 
observed that two stimuli gave rise to repetitive activity in the tissue. 
Experiments were therefore carried out to specify the conditions under 
which this arose. 

Anoxia or DNP shortens the action potentials of both auricles and 
ventricles and eventually leads to very short action potentials with low 
excitability. When the action potential is shortened to the intermediate 
durations of 20-30 msec, repetitive activity can be set up by the applica- 
tion of a second stimulus during repolarization. This second stimulus 
requires to be just above threshold and separated from the first by 
20-30 msec. No activity can be set up when the action potential is shortened 
to less than 10-15 msec or is of normal duration. This repetitive activity is 
regular, at rates of 1200—-2000/min, and lasts for a few seconds to several 
minutes. | 

As fast rhythms can also be set up in auricular tissue if the action. 
_ potential is shortened by ACh (Hoffman & Suckling, 1953) or by reducing 
the external potassium concentration to zero (unpublished observations), 
it appears to be necessary for the production of these rhythms to shorten 
the action potential, but other factors may be involved in their production. 
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The retention of wet aerosols in the human lung. By H. HERXHEIMER - 
and E. STRESEMANN. Asthma Poliklinik, Free University of Berlin, 
Rudolf—Virchow—Krankenhaus, Germany 


_ The retention of aerosols in the lung has previously been investigated 
mainly by nephelometry or thermo-precipitation. We have used an 
electrofilter (Cottrell filter) in which the aerosol particles are electrically 
charged by a high-voltage current and deposited on the cathode, a thin 
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aluminium foil (Wilner, 1951). The aerosol consisted of a 1° methylene- 
blue solution with 15% glycerine in water. The aerosolizers used were a 
commercial nebulizer (mean particle size of 1-1:5,) and the ‘scrubber’ 
(Dautrebande, 1951; mean particle size probably 0-2—0-5 1). The deposit 
washed off the aluminium foil was determined by a photocolorimeter. The 
breathing of three normal subjects was registered on a recording spirometer 
with attached nebulizers (Herxheimer, 1949). Respiration rate and depth 
were either left to the choice of the subject or rigidly controlled by 
restricting the movements of the spirometer bell and by metronome. In 
some experiments with larger tidal air the breath was held for a period 
equalling the time required for half the respiratory cycle. 


Breath held Breath held 
Free breathing 10/600 7/1000 7/2000 7/2000 10/1000 20/1000 10/2000 10/1000 


| 


_ Fig. 1. Percentage retention (ordinate) in various types of respiration (abscissa). — 
Respiratory rate varying from 7 to 20/min, tidal air from 600 ml. to 2 1. (1 = this 
subject has been breathing only ” 1000.) 


According to the table the lung retention of particles in one abject | is 
higher than 60%, and higher than 70% in the other subjects for all types 
of respiration. It is lowest with a small tidal air and increases with the 
tidal air to a retention between 80 and 90%. When breath is held in 
inspiration, retention often exceeds 90%. There was no spectacular 
difference between the aerosols of different particle sizes. 

It is open to question in which part of the respiratory tract the retention 
occurred, but according to Findeisen (1935) it is likely that these small 
particles were retained in the lower part of it. The method may be of value 
for the bronchial testing of bronchoconstrictor and bronchodilator aerosols 
as well as of allergenic aerosols in normal subjects and in allergic patients. 
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The failure of inhibitors of aerobic metabolism to prevent the 
anaphylactic release of histamine from guinea-pig lung. By 
K. F. Austen* and W. E. Brockienurst. National Institute for 
Medical Research, Mill Hill, London, N.W.17 | 


The view that antigen-induced histamine release requires aerobic meta- 
bolism is based mainly on studies of sensitized guinea-pig lung using 
_ cyanide (CN) or a nitrogen atmosphere (Mongar & Schild, 1957). The high 
concentration of CN used, 2—10 mu, is sufficient to inhibit a large number 
of enzymes other than cytochrome oxidase, which, in yeast and heart- 
muscle systems, is totally inhibited by 0-1 mm or less. We have carried out 
studies with carbon monoxide (CO) which inhibits cytochrome oxidase but 
affects few other enzymes (Dixon & Webb, 1958). 

Incubation of perfused, chopped guinea-pig lung in a CO atmosphere in 
_the dark for 15 or 30 min before and also during the anaphylactic reaction 
did not significantly diminish the release of histamine. Similarly, incuba- 
tion in a nitrogen atmosphere for 15-60 min failed to diminish histamine 
release. 2-Heptyl-4-hydroxyquinoline-N-oxide 0-1 mM, was not inhibitory, 
even though one-fiftieth of this concentration produced significant inhibi- 
tion of the cytochrome system in homogenized pig heart muscle —* | 

& Jackson, 1955). 

_ In further experiments we used the isolated perfused whole lung. Wet 
CO was bubbled into the perfusion fluid and was simultaneously admini- 
stered at constant pressure into the trachea from which it passed through 
the lung and emerged via 15-20 surface scratches. One lobe of the lung 
was removed as a control before carbon monoxide treatment. The amount 
_ of acetylcholine (ACh) required to cause moderate bronchoconstriction 
rose during CO administration, suggesting some depletion of the energy 
stores; antigen was not administered until the effective dose of ACh had 
risen six- to tenfold. After 15 or 60 min of CO administration, the antigen 
inj ection produced maximal bronchoconstriction and released a greater 
_ proportion of the tissue histamine than was released when the untreated 
_ control lobe was chopped and incubated with antigen. 
When CN 1 mm was added to chopped lung in stoppered tubes, and the 
pgm added immediately afterwards, about 70 % inhibition of histamine 


* U.S.P.H.S. Fellow. 
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release occurred. Incubation for 15 min before adding the antigen did not 
increase the inhibition, although the CN concentration remained practically 
unchanged. 

The failure of CO to inhibit anaphylactic release of histamine indicates 
that cytochrome oxidase is not essential to the reaction. Furthermore, 
the observation that CN inhibition does not require pre-incubation of the 
tissue with CN suggests that this inhibition does not result from depletion 
of energy stores but rather from inactivation of enzymes other than 
cytochrome oxidase. Other workers have found that a nitrogen atmosphere 
did not inhibit antigen-induced rat mast-cell degranulation (Hogberg & 


Uvnas, 1960), and 5 mm CN was needed to inhibit this reaction (Mota, . 


1960). Thus, in the rat as in the guinea-pig the effect of CN might well be 
unrelated to inhibition of aerobic metabolism. 
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Uptake of radioactive carbon dioxide by the lung. By C. T. DoLLERY 


and J. B. West. Department of Medicine, Post-graduate Medical 
School, Hammersmith Hospital, London, W. 12 


Carbon dioxide has been labelled with oxygen-15, a cyclotron-produced 
isotope with a half-life of 2min. After a single breath of the gas, the 
activity within a region of the lung can be measured by counters over the 


chest. Because the gas is highly diffusible, the clearance rate during 


breath-holding has been used as a measure of pulmonary blood flow, which 
has been shown to increase steadily from the apex to the base of the lung. 
This inequality of blood flow apparently accounts for most of the ventila- 
tion: perfusion ratio inequality in normal subjects (West & Dollery, 1960). 

Oxygen-15-labelled carbon dioxide exhibits different physiological 
behaviour from carbon dioxide labelled with carbon-11, another short- 
lived cyclotron-produced isotope. For example, the clearance rates of the 
oxygen-labelled gas are about twice as fast as those of carbon-labelled 
carbon dioxide. Measurements on alveolar gas expired immediately after 
inspiration of radioactive carbon dioxide show that the oxygen-labelled 


_ gas disappears from the alveoli much faster than its carbon-labelled — 


counterpart. Furthermore, if venous blood is drawn shortly after a breatl: 
of oxygen-labelled carbon dioxide, the activity cannot be removed. by 
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adding acid and shaking under vacuum, whereas the expected loss of 
activity occurs for the carbon-labelled gas. 

These apparent discrepancies can be explained by exchange between the 
oxygen atoms of water and bicarbonate after the gas has been taken up by 
the blood. In vitro measurements show that the uptake of oxygen-labelled 
carbon dioxide into blood can be reduced by adding carbonic anhydrase 
inhibitor. The results affect the interpretation of clearance rates of other 
radioactive gases in the lung. 

This work was supported by the Medical Research Council. 
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The measurement of the pulmonary capillary blood volume and 

- membrane diffusion component on exercise. By D. V. Bars, 

R. V. Curistre and C. J. Varvis. Department of Medicine, Royal 
Victoria Hospital, McGill University, Montreal, Quebec, Canada 


By measuring the lung-diffusing capacity for CO (D,,,) at differing 
alveolar oxygen tension, it is possible to compute the pulmonary capillary 
blood volume (Vc) and membrane diffusion components (Dm) in subjects 
with normal intrapulmonary gas distribution, making use of the kinetic 
data of Roughton & Forster (1957). To date, these components have only 
been measured by the single-breath modified Krogh technique (Lewis, Lin, 
Noe & Komisaruk, 1958; MacNeill, Rankin & Forster, 1958). Very few 
_ Measurements made during physical exercise have been reported. | 

These components have been measured by a steady-state diffusing — 
capacity technique during continuous exercise in fourteen normal sub- 
jects. The main conclusions which can be drawn from the data are as 
follows. 

(1) Repeated observations in four normal subjects show that the 
pulmonary capillary blood volume (Vc) may be measured with a standard 
deviation of +12 ml. under these conditions. At 3 miles (4-8 km)/hr on 
the flat, with a mean oxygen, uptake of 1-21./min, the pulmonary capillary 
blood volume averaged 140 ml. | 

(2) The relationship between the reciprocal of the measured total 
diffusing capacity (D,) and Roughton & Forster’s constant @ has been 
shown to be linear between oxygen tensions of 80 and 600 mm Hg. 

(3) The membrane diffusion component averaged 51 ml. CO/min/mm Hg 
under similar conditions. The standard deviation of repeated measurements 
of this component in four normal subjects varied from +1-5 to + 11-8 ml. 

_CO/min/mm Hg. 
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(4) The value obtained for the pulmonary capillary blood volume is not 
affected by the method adopted to compute the mean alveolar CO tension. 
provided that the same technique is used in two determinations at the two 
chosen oxygen tensions. Since this alveolar CO computation is the most 
questionable part of the steady-state determination of diffusing capacity, 
it is felt that less reliance can be placed on measurements of membrane 
component by this technique, since these are sensitive to the method of 
computation of mean alveolar CO tension. It has also been shown that 
the calculated back-pressure effect of CO must not exceed 15% of the 
alveolar CO tension, if large random variations in calculated pulmonary 
capillary blood volume are to be avoided. For this reason higher con- 
centrations of inspired carbon monoxide must be used for the determina- 
tion during which 100 % oxygen is breathed, and this precaution becomes 
of major importance in the case of heavy smokers who may be found to 
have a relatively high concentration of CO in the blood before the experi- 
ment is begun. 

It is concluded that provided these precautions are kept in mind, the 
measurement of these components of diffusing capacity during steady-state 
exercise promises to be a repeatable and reliable technique for the study of 
factors limiting diffusion processes in the normal lung. 
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_ Volume changes in active muscle. By B. C. Asnorr and R. J. 
Baskin. Department of Zoology, University of Califormia, Los Angeles, 
Los Angeles 24, California, U.S.A. | 

The volume changes have been recorded during a single twitch of an 
isolated frog sartorius muscle. In order to measure the small, rapid volume 
changes, special instruments were developed to record the movement of 
a liquid surface as a change in capacitance. 

An early volume increase was followed by a slower decrease in volume. 
The magnitude of these changes is a function of the contraction parameters 
(isometric or isotonic), of the length of the muscle, and also of the tem- 
perature. At 20°C with the muscle held isometrically at reference length, 
_ the volume increase starts about 2 msec after the stimulus and reaches a 
maximum at about 6 msec. The volume decrease then appears and reaches 
its minimum at approximately 9 msec after the stimulus. The magnitude 


of the volume increase was about 2‘5 x 10-* ml./g and the decrease amounted 
to about 5-0 x 10-6 ml./g. 
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» Ifthe muscle was held about 46 mm above reference length, the volume. 
increase did not appear, and only the decrease was noted. If the muscle 
was held isometrically below reference length, the volume increase was 
greater and the decrease was less than at the greater length. The depen- 
dency of the volume changes upon the length of the muscle explains 
discrepancies in these measurements as made by Ernst (1925), Meyerhof 
(1934), and Fischer (1941), where no particular attention was given to 
muscle length. 

The results at low temperatures are very striking. At 2° C the early 
volume increase started within 5 msec after the stimulus and reached a peak 
at 10 msec. The volume decrease reached its minimum at about 30 msec 
alter the stimulus, or about 50 msec before the tension peak of the twitch. 
It had been noted by previous investigators (Meyerhof, 1934) that even 
after a single twitch (at 15° C) the volume did not completely return after 
the decrease. The present experiments showed that the magnitude of this 
‘permanent’ volume decrease is a function of temperature. At about 2° C 
the volume did not recover at all from the decrease within the duration 
of the twitch. This means that the ‘permanent’ volume decrease retains 
(at about 2° C) a magnitude of 5-0 x 10-* ml./g and cannot be a function of 
active pressure developed inside the muscle. 

The time relationships of the changes suggest that the early increase in 
volume corresponds to the latency relaxation and so to the initial coupling 
events; the decrease corresponds to active state rather than to tension 
development; and the long-lasting decrease to the break-down of creatine 
phosphate. 


The constancy of the diastolic length-tension relationship in strips 
of ventricle. By F. T. Moore and E. Oapren. Department of 
Physiology, The Ohio State University, Columbus, Ohio, U.S.A. 


The change of tension associated with changes of length was measured 
in strips of ventricle from rats and frogs. The range was 50% additional 
length for frogs, 100° for rats. Within this range, which by comparison 
with other work does not constitute an excessive stretch, the force-stretch 
diagram for each heart was closely reproducible in experiments where the 
electrical excitation was arranged to allow a long diastole (the rat ventricle 
‘was stimulated once each second and 5 min elapsed between any two 
series of stretches. Stimuli were applied to the frog at 1 min intervals). 
Changing the temperature, addition of Nembutal (pentobarbitone. 
sodium; Abbott Laboratories), addition of adrenaline and of the 
combination of Nembutal and adrenaline were all applied sufficiently 
to produce unquestionable systolic effects in the expected direction. 


WAP. 
a 
q 
: 
4 4 
: 
7 
| | 
q 
ay 


16P PROCEEDINGS OF THE PHYSIOLOGICAL 


Regardless of the effect in systole the diastolic behaviour of the hearts 
was unchanged. The relationship is discussed between the implications 
of this work and that of other work from this laboratory (e.g. Buckley, 
- Sidky & Ogden, 1956) which indicates that the heart which is about to 
eject a large charge of blood is more easily filled than otherwise. 
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Bradykinin as a vasodilator in man. By R. H. Fox, R. Go.psmitu 
D. J. Kipp and G. P. Lewis. Division of Human Physiology, and 
Division of Physiology and Pharmacology, National Institute for 
Medical Research, London, N.W. 3 


The pure polypeptide bradykinin, as isolated by Elliott, Lewis & 
Horton (1959), has a strong vasodilator action in man. The effect was 
obtained in seventeen experiments on twelve adult males. Total forearm 
or hand blood flows were measured by venous occlusion plethysmography. 
Surface calorimeters were used to detect changes in skin blood flow in the 
face or limbs. Intra-arterial injection of as little as 0-1ug bradykinin 
sometimes produced an increase in hand or forearm blood flow; 1-0yug 
always produced a large vasodilatation, and in one subject this dose 
increased forearm blood flow from 5 to 33 ml./100 ml. tissue/min. 

In four experiments on the forearm the magnitude of the vasodilator 
responses to intra-arterial injections of bradykinin were compared with 
those to injections of histamine and acetylcholine. Weight for weight the 
vasodilatation produced by bradykinin was usually equivalent to or a 
little larger than that produced by histamine, and much larger than that of 
acetylcholine. In four experiments in which hand blood flow was measured 
the vasodilator potencies of arterial injections of bradykinin and histamine 
were again found to be approximately equal. Between 10 and 100 times 
greater doses of acetylcholine were required to produce vasodilatation, 
probably because acetylcholine is rapidly destroyed in the blood stream 
(Duff, Greenfield, Shepherd & Thompson, 1953). 

Following the intravenous injection or infusion of bradykinin, the 
earliest symptom was usually a sensation of flushing in the face; with 
higher doses the sensation became pronounced and the flushing became 
visible. In some subjects a short-lived choking sensation, an awareness of 
cardiac action, mild sensations of cold or warmth over most of the body 
surface, pestione of the lips and a metallic taste in the mouth were 
reported. 

On intravenous infusion, bradykinin was found to be less active than 
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histamine in producing vasodilatation. For instance, in one experiment 
infusion of bradykinin 52-5yg/min and histamine 9yug/min produced 
approximately equal vasodilatations in both the hand and the forearm. 
Both substances also caused large increases in blood flow through the skin 
éf the cheek and ear. The difference between intra-arterial and intravenous 
dose responses probably indicates a more rapid destruction of bradykinin 
- than of histamine in the blood stream. 

Bradykinin administered intra-arterially or intravenously to man is a 
potent vasodilator substance and in these experiments no other effects 
were observed. | 

REFERENCES 


Dorr, F., GreenFietp, A. D. M., SHepuerp, J. T. & Tuompson, I. D. (1953). J. Physiol. 
120, 160. 
Exuiott, D. F., Lewis, G. P. & Horton, E. W. (1959). Biochem. J. 74, 15P. 


A technique to demonstrate the manner in which arteries are 
compressed when exposed to external pressures, in subjects 
with ‘hardened’ arteries. By I. F. S. Mackay. Department of 
Physiology, University College of the West Indies, Jamaica 


The basis of the technique was to employ a method devised to measure 
‘arterial’ flow. It consists of the drainage of the blood vessels by elevating 
the limb. This is immediately followed with the application of an occluding 
pressure tourniquet at 210 mm Hg. The limb is now placed in the depen- 
dently vertical position where the pressure in the arteries falls close to 
zero. On release of the tourniquet an initial flow rate 5 to 10 times that 
recorded by venous occlusion plethysmography is obtained. A light fore- 
arm and hand plethysmograph was used. As it is considered that the 
factors involved in the resistance to the initial flow may be more in the 
larger vessels than in the smaller resistance vessels, it has been called 
‘arterial’ flow. This method has already been described (Mackay, 1955). 
A series of such ‘arterial’ blood flows were recorded where the occluding 
cuff was released to residual pressures from zero up to pressures which 
prevented any flow. The ‘arterial’ flow rates are used to indicate the degree 
of compression of the artery. These flow values, when plotted against the 
residual pressures, produced curves which were drawn in order to indicate 
the manner of the collapse of the artery to various external cuff pressures. 

The shapes of these curves show that in normal subjects the artery is not 
compressed by cuff pressures up to approximately the diastolic pressure. 
With higher pressures, there is initially a rapid collapse which becomes 
more gradual as the cuff pressures are increased. The curve of collapse is 
concave facing upwards (Mackay, 1957). 
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_ The traditional method of measuring blood flow by venous occlusion 
plethysmography was also employed, with various occluding cuff pressures. 
A similar shape of curve is obtained, but the point where collapse com- 
mences is often at a higher pressure. 

In subjects clinically designated as having ‘hardened’ arteries, the results 
from the above two methods were different. With the ‘arterial’ flow method 
the curve of collapse has a concavity facing downwards. At first, the fall 
of the curve is gradual and there appears to be a resistance to compression. 
Then, at higher pressures there is a more rapid decline of the curve. 

In these pathological subjects the venous occlusion plethysmographic 
method gives a curve of similar shape but the point where the curve starts 
to fall is at a much higher pressure than that obtained by the ‘arterial’ 
method. Thus, in pathological subjects there is a larger pressure difference 
between the points obtained by the two methods at which the flow rates 
start to fall than in normal subjects. It is suggested that the ‘arterial’ 
method indicates the resistance to compression of ‘hardened’ arteries. 
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The input impedance of the pulmonary vascular bed. By 
D..H. C. G. Caro and D. A. McDonatp. Department of 


Physiology, St Bartholomew’s Hospital Medical College, London, E.C. \ 


The pressure at the origin of the pulmonary artery was measured while 
a sinusoidal flow was created by a pump. The ratio of this pressure to the 
rate of flow is the input impedance. Fluctuations in this impedance in a 
‘closed’ system such as a vascular bed will be largely determined by the 
presence of reflexions. Their effect depends on the relation between the 
length of the system and the wave-length at any given frequency. The 
input impedance is at a minimum when the system is one quarter wave- 
length long and maximal when it is a half wave-length. Measurement on 
the input impedance over a range of frequencies will thus describe the 
normal relations between pressure and flow in the pulmonary trunk 
and So any effects that reflexions may produce (McDonald, 
1960 

Isolated rabbit lungs (twenty-five animals) were perfused with isotonic 
saline or dextran from a high-pressure reservoir connected through a 
reducing valve. This regulated the steady flow which was measured by 
a meter in the high-pressure line and the valve excluded the impedance of 
the tubing and reservoir from the system. The resistance of the bed varied 
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from 1-5-4-0 x 10° dyn. sec/cm® up to very high values after the onset of 


oedema, or after embolization of the capillaries. 

The range of frequencies studied was from 1 to 20 c/s. The input im- 
pedance in all cases was at a minimum around 4 c/s (3-5). The mean value 
at this minimum was 0-73 x 10° dyn. sec/em5+0-11 (s.z.). At lower 
frequencies the impedance rose sharply and was 4-10 times greater at 
1-0 c/s. It also rose above 4 c/s and in most cases (16 expts.) reached a 
maximum at about 8 c/s (7-10). The ratio of this maximum to the minimum 
was 2°67 + 0-2 (S.E.). 

These findings show that reflexions were occurring and the minimum 


- at 4c/s is interpreted as indicating that the effective length of the bed was 


one quarter wave-length at this frequency. From the measured wave- 
velocity (Caro & McDonald, 1960) of 90 cm [sec the calculated average 
length is 5-5—6-0 cm. A maximum at 8 c/s then corresponds to a half wave- 
length. Changes in resistance bore little relation to changes of impedance, 


which suggests that the main reflecting sites are proximal to the‘ resistance’ . 


vessels even though some pulsation may be transmitted to the veins. 

It is remarkable that a clear-cut minimum was found despite the greatly 
varying lengths of the arteries to different lobes of the lungs. It is also 
interesting that the impedance was smallest at a frequency close to the 
normal heart rate, so that the impedance pattern may play a part in 


determining the optimal pulse frequency. 
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Formation of plasma kinin in human plasma by e-amino caproic 
acid and certain related compounds. By Drsirfz ARMSTRONG 
and J. W. Stewart. Middlesex Hospital Medical School, London, W. 1 


e-Amino caproic acid inhibits both the activation of plasminogen and 


the proteolytic actions of plasmin and trypsin (Alkjaersig, Fletcher & 


Sherry, 1959). Lewis (1958) suggested that plasmin is responsible for the 
plasma kinin formation observed when human plasma comes into contact — 
with glass (Armstrong, Jepson, Keele & Stewart, 1957). «-Amino caproic 
acid was tested for its inhibitory action on this kinin formation and none 
was demonstrated. In fact, e-amino caproic acid (final concentration 
0:01—-0-12m) induced kinin formation (isolated rat uterus test) when added 
to human pre-active plasma in polythene. The acid itself was not oxytocic, 
but the mixture with plasma developed detectable oxytocic activity after 
a few minutes incubation at 20° C—maximal kinin activity being recorded 
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after 4-1 hr. Higher concentrations of amino acid induced more rapid 
kinin formation. 

By the blister-base technique, mixtures of amino acid and pre-active 
plasma were shown to cause pain after suitable incubation. 

Oxytocic and pain-producing agent was extractable with boiling ethy| 
alcohol from suitably incubated, but not from fresh, mixtures of acid 
and plasma, and incubation, at 20° C, of active extracts with a bacterial 
(Escherichia coli) amino-peptidase preparation resulted in rapid destruction 
of the oxytocic activity. 

Other amino acids gave similar results. «-Amino acids were somewhat 
less active than the corresponding w-amino acids, and diamino acids, such 
as lysine, were slightly more active. Of greater importance, however, was 
the carbon chain length of the acid, the longer chain acids (e.g.w-amino 
caprylic acid) having the greater activity. Both the NH, and COOH 
groups are essential for this kinin formation, since the aliphatic mono- and 
diamines tested induced little activity and the fatty acids themselves none. 

Kinin formation by «-amino caproic acid was greatly reduced in plasma 
which had been previously exposed to glass (this reduces *component B’, 
Margolis, 1958), and in the plasma of parturient women which is substrate- 
deficient (Armstrong, Keele & Stewart, 1960). It was inhibited by the 
presence in the plasma of the soya bean trypsin inhibitor, sodium fluoride 
or nucleic acid (thymus gland preparation), which also depressed the 
formation of kinin on exposure of human plasma to glass. Heparin 
promoted both. Kinin production by ‘Thrombolysin’ (Merck) was un- 
affected by heparin, fluoride or nucleic acid. 

Plasma kinin formation by e-amino caproic acid appears to be similar to 
that by glass exposure and both these mechanisms of kinin formation are 
independent of the plasminogen-plasmin system. 
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Intrinsic plasma kinin forming factors in human plasma. By 


V. Eisen and C. A. Kuntz, Middlesex Hospital Medical School. 
London, W. 1 


Plasma kinin formation has been studied in human plasma in which 
plasmin inhibitors have been inactivated by acidification to pH 2 for 
15 min (Alkjaersig, Fletcher & Sherry, 1959; Rocha e Silva, 1960); by 
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treatment with acetone (Lassen, 1958) or chloroform (Tagnon, 1942); and 
by isolation of euglobulins (Alkjaersig e¢ al. 1959). Plasma kinin was 
estimated by its stimulating effect on the isolated rat uterus and guinea- 
pig ileum and sometimes by the production of pain in.an exposed blister — 
pase. In all these preparations ‘spontaneous’ kinin formation occurred, 
which was not accompanied by fibrinolytic activity (measured by lysis of 
human and bovine fibrin), or by proteolytic activity (measured by casein — 
digestion). Conversely, the development of kinin-forming activity in a 
given preparation was slightly or not at all enhanced when its fibrinolytic 
and proteolytic potential was activated by streptokinase. In whole plasma, 
clot lysis and kinin formation could also proceed independently of each 
other. 

This kinin formation was, Loeuher largely dependent on the presence 
of the factors necessary for kinin release by glass. As postulated by 
Margolis (1958, 1960), these included Hageman factor (HF), and ‘com- 
_ ponents A and B’. In the absence of any one of these factors plasma kinin 
was formed much more slowly than in the presence of all three factors. 

Our work suggests that in addition to activation by adsorption on to 
suitable surfaces, HF can be activated in solution by the procédures 
mentioned above. It is, however, to be noted that acidification and pre- 
¢ipitation by acetone impair the capacity of HF to be adsorbed on to glass. 

A preparation of human plasmin called ‘Thrombolysin’ (Merck) contains 
a factor which in its kinin-forming properties resembles the soluble active 
form of HF. The rapid formation of kinin induced in intact human plasma 
by ‘Thrombolysin’ in concentrations of 0-05—1-0 mg/ml. seems to be due 
to this HF-like constituent and not, as previously stated (Eisen & Keele, 
1960), to plasmin itself. 

We have thus shown that procedures which are used to remove inhibitors 
of the fibrinolytic system and of serum kallikrein lead to activation of the 
factors which participate in the reactions of human plasma to foreign 
surfaces. In spite of certain common features, HF and A can be distin- 
guished from plasmin since they do not digest fibrin and casein. They differ 
from serum kallikrein by their resistance to acid (Werle & Maier, 1952). 
‘Component A’ differs from HF by its destruction by heating at 56° C for 
1-3 hr. When fully activated this intrinsic HF, A, B system forms plasma 
kinin much more rapidly than does the fully activated plasminogen- © 
plasmin system present in normal human plasma (cf. Lewis, 1958). : 


One of us (V. E.) is working on a grant from the Empire Rheumatism Council. We are 
grateful to Dr J. J. F. Merry of Merck Sharp and Dohme Ltd. for helping us obtain samples 
of ‘Thrombolysin’ and to Dr J. Margolis for sending us a sample of plasma deficient 
in Hageman factor. 
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Interactions of a bacterial pyrogen with rabbit leucocytes and 
plasma. By K. E. Coopmr, W. I. Cranston and J. H. FrEssizr. 
Medical Research Council Group for Research on Body Temperature 
Regulation, Department of the —_— Professor of Medicine, Radcliffe 
I infirmary, Oxford 


The interaction between a bacterial pyrogen and leucocytes may be of 
importance in the production of fever (Cranston, 1960), and this process 
has been investigated in vitro. Leucocytes, obtained from rabbit peritoneal 
exudates (Cooper, Cranston & Fessler, 1960), were incubated at 37° C with 
- @ heat-stable, pyrogenic lipopolysaccharide, ‘Pyrexal’ (Wander) obtained 
from S. abortus equi (Westphal & Luderitz, 1954); the pyrogenic activity 
of the products was measured directly and after heating to 90° C for 30 min 
(Petersdorf & Bennett, 1957). If 0-1 yg or less of ‘Pyrexal’ was incubated 
with 2x10’ leucocytes or more the pyrogenicity of the product was 
entirely abolished by heating (90° C for 30 min). When the proportion of 
‘Pyrexal’ was raised an increasing amount of heat stable pyrogen remained. 
An incubation time of 1 hr was required, and the interaction occurred as 
well in 0-9% NaCl as in a Krebs-Ringer solution, pH 7:3. 

The interaction also occurred between ‘Pyrexal’ and ultrasonically 
disintegrated cells, or cells which had been stored in saline at 4° C for 
1-3 weeks. Therefore the process does not require live, intact cells. 
Prolonged incubation of ‘Pyrexal’ with aged cells progressively reduced 
pyrogenicity of the mixture. Previous incubation of the cells with saline 
did not alter the interaction on subsequent incubation with ‘Pyrexal’. 

Rabbit leucocytes, obtained from peritoneal exudates, liberate pyrogen 
when incubated alone in saline at 37° C, and this process is inhibited by 
treating the donor animals with nitrofurazone (Cooper et al. 1960). In 
contrast, nitrofurazone treatment of the donors does not affect the subse- 
quent interaction of the cells with ‘Pyrexal’. Similarly, cells aged in vitro 


do not form any pyrogen when incubated alone, but interact with 
‘Pyrexal’, 
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The following properties of the heat labile fever principle resulting from 
incubation of ‘Pyrexal’ with fresh rabbit leucocytes were found: 

(1) Optimum stability at pH 6-7-4. 

(2) Can be precipitated with (NH,),SO, and the activity subsequently 

recovered. 

(8) Not inactivated by prolonged exposure to 5M urea at 4° C. 

(4) One pyrogenic dose contains less than 25 yg nitrogen. 

When ‘Pyrexal’ is incubated with rabbit plasma an interaction also 
occurs resulting in a fever principle which is heat labile and causes fever 
in the ‘Pyrexal’ tolerant rabbit. 2-5 ml. plasma are required to react com- 
pletely with 0-1g pyrexal, and the fever principle is completely preci- 
pitated by half saturation with (NH,),SO,. 

Pyrogenic materials of similar biological properties were produced by 
two systems, one requiring the addition of bacterial pyrogen, and the 
other not. The evidence presented shows that there are other differences 
between these systems, and it therefore becomes questionable whether 
the similar biological properties are sufficient evidence for a conclusion of 
identity of the pyrogenic ate 
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Tandem muscle spindles in the frog and cat. By D. Barker, 
M. Corr and M. C. Ip. Department of Zoology, University of Hong 
Kong 

A tandem spindle in cat rectus femoris and flexor digitorum longus 
muscles typically consists of a large capsule with ten to twelve muscle fibres 
bearing one primary and two to three secondary endings, and one or more - 

‘small capsules with three or four muscle fibres bearing a primary ending 

only. This is in contrast to the condition where a few single spindles may be 

conjoined side by side (compound type), or lie end to end with inter- 
digitating poles. The most common tandem is the double kind in which two 
capsules are spaced along the length of the intrafusal bundle; of 64 tandem 
spindles traced in transverse section, 88°/ were double, 9% triple, and 
3°, quintuple. Only one or two muscle fibres run through the intercapsular 
regions to partake of successive encapsulation, and these are always of 
large diameter; the rest taper off and rarely interdigitate. A study of 
serial transverse sections of a pair of kitten rectus femoris muscles, and of 
twelve blocks sampled from the recti of six adult cats (lateral and medial 
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halves of the muscle each sampled six times, three times from each limb, 
four cats, being used for sampling in the case of each half), indicates that 
16-20% of the spindles in this muscle are of the tandem type. Length 
measurements of 32 tandem and 144 single spindles from cat’s rectus 
femoris were 8-43—22:30 mm, mean 13-0 + 3-24 mm, and 2-40—13-68 mm, 
mean 7-02 + 2-45 mm, respectively. 

Single spindles and double tandem spindles have been observed in the 
frog’s extensor digitorum longus IV muscle, and a special study made of the 
‘spindle systems’ of Gray (1957). Reconstructions made from serial trans- 
verse sections show that these measure 17-13—26-52 mm in 120-200 g frogs 
and consist of three to five intrafusal bundles lying closely side by side, 
each one usually extending throughout the length of the muscle and under- 
going several encapsulations. In such a system each bundle may become 
separately encapsulated at the same level, or the bundles may unite 


temporarily in a common capsule; alternatively, at a level where some of 


the bundles have capsules, others in the system pass by without encapsula- 
tion. A bundle may be encapsulated from once to four times in its course 
through the system to which it belongs. In the systems studied there were 
from five to thirteen capsules so arranged as to constitute from three to 
four areas of sensory innervation. The morphology of these systems suggests 
that they could appropriately be termed compound tandem spindles. 


This investigation is supported by research grant B-1806 from the National Institute of 
Neurological Diseases and Blindness, U.S. Public Health Service. 
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| The effects of certain anaesthetics on the activity of gamma 
motoneurones serving the hind limb of the rat. By B. L. 
ANDREW. Department of Physiology, Queen’s College, Dundee 


Several factors influence the tonic activity and the reflex excitability 
of the lumbar gamma motoneurones in the intact, lightly anaesthetized 
rat. ‘Three of these factors have been considered in the present experiments, 
namely, the anaesthetic agent used, the amount administered, and the 
degree of sensory stimulation. : 

In the experiments to be described, a basal anaesthetic (urethene, 
thiopentone sodium or pentobarbitone sodium) was injected intra- 
peritoneally and filaments were dissected from motor nerves to hind-lim) 
muscles. When a preparation containing one or two gamma efferents 
had been obtained, and the tonic resting activity, if any, and responsive- 
ness to sensory stimulation had been assessed, further quantities of an 
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anaesthetic were given, either by injection or by inhalation. The tonic 
activity and reflex responsiveness were then re-examined. 

The anaesthetics which have been tried have been divided into two 
categories. In the first category, which included trichlorethylene, ethyl 
chloride, chloroform and ether, the tonic activity was increased by the 
anaesthetic but at the same time the reflex responsiveness was decreased. 
The time course of the stimulant effect on the tonic activity showed some 
variation. The response to trichlorethylene was usually in two phases; an 
initial phase during the first minute of inhalation was probably due to the 
arousal effect of the smell and irritant properties of the vapour on the upper 
respiratory passages. This phase was transient and during the next 2 or 
3 min the tonic gamma activity returned to the resting level. The second 
phase then began and consisted of an increasing excitation lasting several 
minutes and terminating abruptly with a few short volleys of impulses 
at high frequency, followed by quiescence. The reflex responsiveness 
of the gamma fibres to sensory stimulation had been abolished before 
the end of the second phase. The response to ethyl chloride was much more 
rapid, a single phase of excitation followed by abrupt extinction has been 
observed during the first minute of inhalation. These effects with inhaled 
anaesthetics are similar to those which have been described to occur in the 
decerebrate rabbit by Diete-Spiff & Pascoe (1959). 

In the second category, which included urethane, thiopentone sodium 
and pentobarbitone sodium, there was found a depression of tonic activity 
and reflex sensitivity, but in the case of urethane large doses could be given 
before the spinal reflexes were abolished. 
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A note on the classification of muscle spindle endings into 
types Al and A2. By R. J. Harvey* and P. B. C. Marruews. — 
University Laboratory of Physiology, Oxford 

Matthews (1933) classified muscle spindle endings into two types 

depending upon whether their discharge accelerated (A 2) or slowed (A 1) 

during supramaximal stimulation of the muscle nerve. He attributed this 

difference in response to the differential effects of contraction of intrafusal 
muscle fibres upon different endings. More recently the acceleration of the 

A2 discharge has been ascribed solely to the contraction of extrafusal | 

muscle fibres (Kuffler, Hunt & Quilliam, 1951; Hunt & Kuffler, 1951; 

Hunt, 1954), though such a suggestion does not explain Matthews’s results. 

: * M.R.C. Scholar. 
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In an attempt to clarify the position we have studied under isometric 
conditions the effects of tetanic stimulation of the muscle nerve on the 
discharge, recorded from a dorsal root filament, of de-efferented muscle 
spindles of the cat’s soleus muscle. 

Of fifty-seven endings studied the discharge of fifty-six accelerated when 
the nerve was stimulated at 70/sec with stimuli about ten times threshold 
for contraction and when the initial tension was appreciable (up to 500 g). 
This A2 type of discharge was shown by both primary and secondary 
endings, for the conduction velocities of the afferent fibres studied ranged 
from 30 to 116 m/sec(thirty-six primary, twenty-one secondary endings as 
classified by Hunt, 1954). The threshold stimulus required to produce 
acceleration varied, but was above that required to produce a maximal 
contraction and also above the threshold of the most excitable y fibres 
(determined by later recording their compound action potential from a 
ventral root). Acceleration was not so marked when either the frequency 
of stimulation or the initial tension was reduced, and though it was usually 
still found with strong stimuli at 30/sec and a low initial tension (about 50g), 
in some cases (usually secondary endings) it was not then demonstrable. 
In contrast to their behaviour in the rabbit (Diete-Spiff, 1960) some 
secondary endings could be made to fire one or two impulses on the rising 
phase of a twitch, if the stimulus was considerably supramaximal for 
the contraction and the initial tension was high. 

The discharge of a sixth of the endings (eight primary, two secondary) 
accelerated slightly also on low-frequency stimulation (10—30/sec) with 
shocks too weak to excite y fibres. On stimulation at 70/sec such weak 
acceleration was masked by direct stimulation of the afferent fibre. 
Matthews’s A2 group may have included some endings so excited, but 
probably also contained some endings excited by stimulation of y motor 


_. fibres, which for various reasons may have been stimulated in his experi- 


ments by relatively weak stimuli. It is concluded that under appro- 
priate conditions all muscle spindle endings may be excited by the y motor 
fibres to show the A2 type of response. The significance of the division 
into Al and A2 endings which may be made with a restricted range of 
stimulating conditions is unknown. 
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: The effects of stretch on the tension and rate of discharge of 
crayfish stretch receptors. By K. Krngevié and N. van GeLpEr*. 
A.R.C. Institute of Animal Physiology, Babraham, Cambridge 


Abdominal stretch receptors, together with the appropriate nerve, were 
dissected out in freshwater crayfish (Astacus fluviatilis). The receptors, 
which are modified muscle bundles (Florey & Florey, 1955), were clamped 
at one end with a fine forceps and tied at the other with wire to a glass hook 
attached to an RCA 5734 valve. The transducer and the forceps were 
mounted on a common threaded shaft and could be separated, stretching 
the receptor symmetrically. The afferent discharge was recorded from the 
nerve with 50, platinum electrodes. 

The changes in tension observed during stretch agree with previous 
observations on isolated muscle fibres (Buchthal, 1942). When the receptor 
bundle was extended in steps of, for example, 100, the tension initially 
developed only very slowly but then at a progressively faster rate. There 
was also clear evidence of hysteresis during relaxation. Unless stretching 
was very slow, a change in length was associated with an overshoot of 
_ tension which decayed to a plateau with a half-time of the order of a few 
seconds; the amount of overshoot bore an approximately constant relation 
to the final increment of tension. During relaxation a similar, but some- 
what less pronounced undershoot was seen. 

As a rule, when the bundle was stretched, there was a linear relation 
between the steady rate of firing of slowly-adapting receptors and the tension 
developed. During the dynamic phase (cf. Eyzaguirre & Kuffler, 1955; _ 
Florey, 1956) the rate of firing (/’) was also linearly related to the peak 
tension (7'), but with a steeper slope of AF'/A7’. There was no clear-cut 
distinction between the properties of slowly- and fast-adapting receptors, 
although the latter in general began to fire at a greater tension, and after 
each increment of stretch the tension was less well maintained. The 
maximal rate of discharge of fast-adapting receptors usually also had a 
linear relation to the peak tension. 

It is suggested that the visco-elastic properties of the receptor bundle 
may be wholly responsible for the pattern of afferent discharge observed 
during moderate stretch and relaxation. 3 
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Presynaptic inhibition in the spinal cord. By J. C. Ecorns, 
Rosamonp M. Eccizs and F. Maani. Department of Physiology, 
Australian National University, Canberra, Australia 


Frank & Fuortes (1957) and Frank (1959) have reported that a condi- | 


tioning afferent volley in the nerve to biceps-semitendinosus produces a 
prolonged depression of the EPSP monosynaptically generated in a 
gastrocnemius motoneurone by the appropriate testing volley. In a 
further investigation of this phenomenon it has been shown that it is pro- 
duced both by Ia and Ib afferent volleys, but not by Groups II or III. The 
depression is first seen with a testing interval of a few milliseconds, reaches 
a maximum in 10-20 msec, and then slowly decays. The depression of the 
EPSP is not associated with a change in its time course or in the resting 
potential of the membrane. On repetitive stimulation of the conditioning 
nerve, the EPSP depression becomes maximal after a few impulses and 
reaches a steady state which is maintained even during 60 sec tetanization. 
With increases in frequency up to 100/sec there is a commensurate increase 
in the depression, but there is little further increase as the frequency rises 
above 200/sec. Following a tetanus there is post-tetanic potentiation of 
the depression for about 60 sec. The large depression produced by repeti- 
tive conditioning volleys has aided investigation of the distribution of 
EPSP depression. It is produced mainly by volleys from flexors, and 
to a lesser extent from extensors, but the EPSPs of both flexor and 
extensor motoneurones exhibit the depression. 

The depolarization of the presynaptic terminals of Ia fibres demonstrated 
in a recent Communication provides a satisfactory explanation of every 
aspect of these investigations on EPSP depression. There would be a 
diminution of the presynaptic spike potential and consequently a diminu- 
tion in the liberation of excitatory synaptic transmitter and in the size of 
the EPSP, as has been shown by Hagiwara & Tasaki (1958) for the EPSP 
of the squid stellate ganglion. With the cool animal at low frequencies of 
stimulation depression would also arise on account of collision of the 
testing presynaptic volley with the centrifugal impulses of the dorsal root 
reflex. Thus in general the EPSP depression may properly be designated 
presynaptic in contrast to inhibitory action by post-synaptic changes that 


are produced by transmitter action from inhibitory synapses, and which 


may be designated post-synaptic inhibition. 
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Latency of central inhibition. By T. Araxt, J. C. Eccuns and M. Iro. 
Department of Physiology, Australian National University, Canberra, 
Australia 

_ Afferent volleys in the sacral two or three dorsal roots inhibit the contra- 

lateral motoneurones with a central latency which is so brief that Lloyd & 

Wilson (1959) have been led to conclude that the central inhibitory path is 

monosynaptic and that the inhibitory post-synaptic potential (IPSP) of 

motoneurones is not the primary agent of this inhibition, but may be a 

secondary and later manifestation of the inhibition. These conclusions 

stand in contradiction to series of investigations in which the inhibition of 
monosynaptic reflex discharges was correlated with the potentials (IPSPs 
and EPSPs) recorded intracellularly from motoneurones and in which very 
strong evidence was produced that the Ia IPSP had a longer latency (by 
about 0-8 msec) than the [a EPSP because there was an interneurone on 
the inhibitory pathway (cf. Eccles, 1957). In a re-investigation the latency 
of central inhibition was measured on the impulses discharged along motor 
axons in the ventral root, rather than on impulses recorded in the soma of 
motoneurones, a procedure that has never previously been adopted. When 
an inhibitory Ia volley precedes a monosynaptic reflex spike at an appro- 
priate interval, only the later components of the reflex spike are delayed 
or suppressed by the inhibition, The onset of this inhibitory action on the 
spike thus gives a precise measure of the central latency of inhibitory action 

_ if it is corrected for the propagation time of the impulses from the central 

locus of inhibitory action to the recording site. With fast recording and 

superimposed traces of control and inhibited reflex spikes, the central 

- inhibitory latency could be measured accurately. It was found always to 

be within 0-1 msec of the latency of the IPSP, both for the inhibitory 

action of quadriceps Ia volleys on monosynaptic reflex discharges from 
biceps-semitendinosus neurones and for the inhibitory action of contra- 
lateral $3 afferent volleys on monosynaptic reflexes in the ipsilateral $3 
ventral root. Thus the answer is definitive. There is no experimental basis 
whatever for the postulate of Lloyd & Wilson (1959) that there is some 
earlier inhibitory process which has no electrical sign and which somewhat 
later produces the IPSP. The latency of the earliest central inhibitory 
process gives just the time that is required for the interneurone that is 
shown to be on the inhibitory pathway by several other lines of investiga- 
tion (Eccles, Fatt & Landgren, 1956; R. M. Eccles & Lundberg, 1958). 
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The synaptic delay at inhibitory synapses. By E. Es, A. Luypszrc 
and P. VoorHorve. Institute of Physiology, University of Lund, 
Sweden 


Ia fibres (with annulo-spiral endings on muscle spindles) have excitatory 
synaptic endings on motoneurones. The delay at these synapses is 0-3- 
0-5 msec (Lorente de N6, 1935; Brock, Coombs & Eccles, 1952). Originally 
it was believed that reciprocal Ia inhibition was also exerted monosynapti- 
cally (Lloyd, 1946). However, intracellular recording from motoneurones 
revealed that the central latency of the Ia inhibitory post-synaptic 
potential (IPSP) is about 0-8 msec longer than for the Ia excitatory post- 
synaptic potential (EPSP) (Brock e¢ al. 1952) and to account for this 
difference Eccles, Fatt & Landgren (1956) postulated that an interneurone 
is interpolated in the Ia inhibitory pathway and that the delay at inhibi- 
tory synapses is of the same order as at excitatory. They made the sug- 
gestion that all inhibitory pathways contain a last-stage short-axon 
inhibitory interneurone. In subsequent investigations on the 0.N.s. no 
inhibitory pathway has been discovered with a briefer central latency 
than the Ia inhibitory pathway‘and the interpretation of central latencies 
in terms of number of relays has been based on the assumption of a brief 
delay at inhibitory synapses. 

Indirect evidence supporting the interneurone hypothesis has been given 
(Eccles et al. 1956; Eccles & Lundberg, 1958), but it would be desirable to 
obtain more direct information about the delay at inhibitory synapses. If 
the hypothesis is correct it should be possible to stimulate these inhibitory 


interneurones electrically and thus evoke monosynaptic short-latency 


IPSP’s in motoneurones. For this purpose the ventral part of the dorsal 
horn has been stimulated with electrodes inserted from the cord dorsum to 
a depth of 2:5-3mm. Intracellular recording was made from moto- 
neurones located ventral to the stimulating electrode. Large post-synaptic 
potentials were evoked in the motoneurones and with both IPSPs and 
EPSPs the latency was about 0-5 msec. The minimal latency observed was 
0:46 msec for an IPSP and 0-50 for an EPSP. It is concluded that the 
delay at inhibitory synapses is of the same order as at excitatory and that 
the ‘inhibitory interneurone hypothesis’ is correct. 
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The representation of the visual field on the optic tectum of the 
frog: evidence for the presence of an area centralis retinae. 
By M. Jacosson. Department of Physiology, University of Edinburgh 


The representation of the visual field on the optic tectum of Rana 
femporaria was mapped by a method similar to that used by Gaze (1958a). 

The frog was fixed with its right eye covered and its left eye centred on 
the axis of an A.I.M. projection perimeter. A spot of light subtending an 
angle of 10’ at the eye could be projected to any position in the frog’s 
visual field. Action potentials evoked in response to the spot of light were 
_ recorded from the surface of the tectum with a steel micro-electrode (tip 
diameter about 5.) and amplified in the usual manner. 
_ At each electrode position on the tectum there was a point in the visual 

field at which the stimulus evoked a maximal response. The determination 
of the position of maximal response was repeated with the electrode at 
successive positions spaced at 200, intervals on the tectum. Responses 
were obtained from 40 to 60 positions on the contralateral tectum and 
10-20 positions on the ipsilateral tectum. 

The results confirm the findings of Gaze (1958a, b) that there is a point- 
to-point projection of the visual field on to the optic tectum. There is a 
bilateral representation of the binocular part of the left visual field on the 
rostrolateral part of the right optic tectum and on the rostrolateral part of 
the left optic tectum, while the monocular part of the left visual field is 
represented only on the contralateral optic tectum. 

The results show that the vertical and horizontal co-ordinates of the 
visual field undergo a geometrical transformation in the course of pro- 
jection on to the tectum. It was possible to determine the number of 
microns of tectum devoted to one degree of visual field measured radially 
from the fixation point, the magnification factor (/) of Daniel & Whit- 
teridge (1959). M does not decrease at the same rate along the vertical 
and horizontal meridians. Along the vertical meridian, M decreases from 
a maximum of 18-9 ./degree, 20° below the fixation point, to a minimum 
of 7-7 4/degree at the superior periphery of the vertical meridian. Along 
the horizontal meridian, M decreases from a maximum of 15-0 u/degree 50° 
_ nasal to the fixation point, to a minimum of 10-7 ,./degree at the temporal 
periphery. 

The region of the visual field which has the most magnified central 

_ Yepresentation forms a horizontal band stretching across the visual field 

just below the horizontal meridian. This corresponds with the position of 
the area centralis retinae in the frog described by Chievitz (1889). 
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Comparison of nystagmoid responses to rotational stimuli about 
vertical and rolling axes. By G. M. Jonzs. R.A.F. Institute of 
Aviation Medicine, Farnborough, Hants 


Using the method of suddenly stopping a prolonged turn of constant 
angular velocity (stopping stimulus), Henriksson (1955) has demonstrated 
correlation between the slow-phase angular velocity of nystagmus and the 
vestibular stimulus. Hallpike & Hood (1953) have shown how this angular 
velocity decreases exponentially with respect to time elapsed after the 
stopping stimulus. In both instances investigation was confined to stimuli 
about the vertical axis. The present experiment compares the slow-phase 
angular velocity of the nystagmoid response after stopping stimuli about 
two orthogonal axes, namely a vertical axis with head erect (horizontal 
nystagmus) and a rolling axis parallel to the visual axis (rolling nystagmus). 
Eight subjects were each exposed to a single stopping stimulus about each 
of these axes after turning for 3 min at 60°/sec. Electro-nystagmography, 
with eyes closed and with wide band-width d.c. amplifier, was employed for 
recording horizontal nystagmus and a previously described cine technique 
(Free & Jones, 1960) for rolling nystagmus. A separate experiment showed 
that, with this technique, optokinetic influence about the rolling axis was 
probably negligible. 

The results confirm the exponential form of decay observed by Hallpike 
& Hood and establish a similar form of decay, but with a different time 
constant, about the rolling axis. The mean time constants for all subjects, 
obtained from calculated regression lines, were 16-4 sec (s.D. 4-0) and 
3-9 sec (s.D. 0-8) for the vertical and rolling axes respectively ; a difference 
perhaps related to the difference in likely duration of rotational movement 
about these two axes in everyday life. However, the corresponding mean 
_values of slow phase angular velocity immediately after stopping were 
similar to one another, although well below the velocity of the stimulus, 
being 28-5°/sec (8.D. 3-8) and 23-8°/sec (s.p. 4-2) for the vertical and rolling 
axes respectively. The fact that these values are statistically only just 
distinguishable from one another suggests that if a similar stimulus were 
applied with eyes shut about an intermediate axis, the axis of resulting slow 
phase nystagmus would initially be roughly parallel to that of the stimulus, 
despite the considerably reduced angular velocity of response. Since the 
initial values upon which this observation is based are presumably virtually 
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uninfluenced by the cupula-restoring force, it seems likely that a similar 
situation might obtain during the short angular head movements of every- 
day experience. The greater rate of decay observed about the rolling axis 
than the vertical axis, suggests that with more prolonged rotation about an 
intermediate axis, the axis of eye response would tend to move progressively 
towards the vertical axis of the head employed in these experiments, 
a conclusion supported by the subjective sensation experienced in these 
circumstances. | | 
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Cooling and warming the cerebral cortex of the rat. By 
O. C. J. Lippotp and J. W. T. Reprearn. Department of Physiology, 
University College London | 

Changes in temperature modify the electrophysiological properties of 

excitable tissues; in particular, cooling appears to give rise to depolariza- 

tion in fine nerve terminals (e.g. mammalian muscle spindle afferents; © 

Lippold, Nicholls & Redfearn, 1960). The effect of changes of temperature 

upon the activity of cortical dendrites has been investigated in the rat 

lightly anaesthetized with urethane. A trephine hole. 5 mm diam. was 


Fig. 1. Evoked potentials from rat cortex. Shock to cutaneous nerve at start of 
each trace, 10 consecutive traces superimposed. (a) Temperature of exposed, 
intact dura 2° C above body temperature ; (b) 3° C below and (c) 11° C below it. Time 
marker 5 msec. Voltage 5004V. Time constant 10sec. Records (a), (6) and (ce) 
were taken within 3 min. | 


made over the sensory cortex and records were taken, through the intact 
dura, of the evoked cortical responses to single shocks applied to a sensory 
“nerve in the fore limb, at different temperatures of the brain surface. 
Figure 1 shows the cortical evoked potential: (2) when the temperature 
of the exposed dura was about 2° C above, (b) 3° C below, and (c) 11°C below 
deep body temperature. When recorded in the cold, evoked responses had a 
longer duration and the magnitude of the negative wave was increased; 
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If the whole rat was cooled to 25° C there was little alteration in the size 
or shape of the evoked potential, although its latency was increased. From 
this it appears that the effects described are due to the thermal gradient 
across the brain surface rather than to the actual temperature of the cortex. 
Similar effects on the magnitude and sign of the potential were produced by 
passing a small direct current across the cortex ; the second wave was often 
reversed in sign by surface-negative polarization of a few A (cf. Bishop & 
O’Leary, 1950). The topical application to the cortex of Krebs’s solution, 
at body temperature, containing 10-15 mm-K*, also produced an effect on 
the amplitude and duration of the negative wave similar to that of cooling. 

The size, shape and sign of the cortical response would appear to be 
sensitive to gradients in the membrane polarization of the superficial 
nervous tissue. | 
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Abolition and initiation of tremor by drugs injected into the 
cerebral ventricles of cats. By F. R. Domer* and W. FELDBERG. 
The National Institute for Medical Research, Mill Hill, London, N.W.7 


In anaesthetized cats tubocurarine perfused from the lateral cerebral 
ventricle to the aqueduct produces tremor which is abolished by adrenaline 
or noradrenaline added to the perfusion fluid (Feldberg & Malcolm, 1959). 
We have now examined in cats the effect of intraventricular adrenaline, 
noradrenaline, and of other substances, on chlorpromazine and pento- 
barbitone sodium tremors. In addition, intraventricular 5-hydroxy- 
tryptamine (5-HT) was found to produce tremor. 

Chlorpromazine tremor. Long-lasting tremor occurred 1—4} hr after an 


intramuscular injection of chlorpromazine 25 mg/kg. It was abolished for — 


_ 10-25 min by intraventricular injections of 5yg adrenaline or nor- 
adrenaline. Larger doses caused longer-lasting cessation of tremor. 
Tremor was also abolished by intraventricular chloralose (200g) and 
CaCl, (300 ug), but not by intraventricular ephedrine, atropine or hyoscine 
(tested up to 500 yg). 

_ Pentobarbitone sodiwm tremor. Shivering or tremor is known to occur in 
cats anaesthetized with pentobarbitone sodium (Hall & Goldstone, 1940; 
(Lippold, Redfearn & Vuco, 1959). According to Hall & Goldstone, this 
tremor is first accentuated but later abolished when adrenaline 80-150 pg/kg 
is injected intravenously. In our experiments tremor ceased for several! 
minutes after an intraventricular injection of adrenaline, noradrenaline 


* Life Insurance Medical Research Fund Fellow. 
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(5-10 pg), chloralose (200 ug) or CaCl, (350g), but not after ephedrine, 


atropine or hyoscine (tested up to 500yg). Further, when perfusion was 
effected from the lateral ventricle to the aqueduct with artificial cerebro- 
spinal fluid at a rate of 0-1 ml./min, tremor began to decrease after 1 min 
perfusion when the perfusing fluid contained adrenaline 1/1,000,000, or 
noradrenaline 1/250,000, or chloralose 1/50,000, or CaCl, 1/5000; i.e. when 
0-1 zg adrenaline, 0-4 noradrenaline, 2 ug chloralose or 20 ug CaCl, had 
entered the ventricular cavities. 

5-HT tremor. In conscious cats intraventricular injections of 5-HT 
250-500 ug produced tremor lasting sometimes up to 2 hr. 

In monkeys the regions from which tremor-like movements are 
elicited on electrical stimulation are the medial portions of the reticular 
formation in the mesencephalon and medulla (Jenkner & Ward, 1957). 
In cats the regions extend further forward into the hypothalamus 
(Birzis & Hemingway, 1957). The regions are those which contain 
high concentrations of noradrenaline (Vogt, 1954) and 5-HT (Amin, 
Crawford & Gaddum, 1954). These findings, together with the effects 


of intraventricular noradrenaline and 5-HT, suggest that one of the © 


physiological functions of these substances in the brain-stem may be 
control of tremor activity. AS 7 
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The action of some choline esters and other parasympathomi- 
metic drugs on mammalian non-myelinated nerve fibres. By 
CHRISTINE J. ARMETT and J. M. Rircnie. Albert Einstein College of 
Medicine, New York 61, N.Y., U.S.A. 


Acetylcholine depolarizes mammalian non-myelinated fibres, reduces 
their spike height, enhances the spike after-positivity and slows conduction 
(Armett & Ritchie, 1960). The present experiments were done to see how 
much this ability of acetylcholine to alter directly the electrical properties 


_ of nerve fibres was shared by other choline esters. 


The whole of a rabbit’s vagus nerve was desheathed and its action and 
resting potentials studied by using the sucrose-gap apparatus described by 
Stimpfli (1954). The nerve was perfused with Locke’s solution during most 
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of the experiment; for short periods this Locke’s solution was replaced 
by a similar solution containing acetylcholine or another test drug. The 
response to acetylcholine in a concentration of 3 x 10~*g/ml. (i.e. 1-7 mm) 
was used as the standard with which to compare the responses to the other 
drugs. All drugs except pilocarpine nitrate and nicotine — tartrate 
were given as chlorides. 

Carbachol (carbamoylcholine chloride) had much the same effect 
as acetylcholine; thus, in a typical experiment where acetylcholine 
3x 10- g/ml. reduced the spike by 35%, carbachol in the same molar 
concentration reduced it by 28%. However, other choline esters were 
relatively ineffective; thus larger concentrations (10-* g/ml.) of metha- 
choline (acetyl-8-methylcholine chloride) and bethanechol (8-methy]l- 
choline chloride urethane) had little or no effect. Choline itself had hardly 
any effect when compared with acetylcholine in equimolar concentrations ; 
a higher concentration of 17 mm (i.e. 0-1 isotonic) did reduce spike height, 
but even at this high concentration the response was two or three times 
smaller than that produced by the standard concentration of acetylcholine 
(producing in a typical experiment a 12% fall in spike height — 
with a 35 % fall produced by acetylcholine). 

These results with the different choline esters suggested that a nicotinic 
rather than a muscarinic effect of acetylcholine was involved. This sug- 
gestion was supported by the findings that the action of acetylcholine could 
be matched by a similar molar concentration of nicotine, but not even by 
larger molar concentrations of pilocarpine or of arecoline (an alkaloid 
which is qualitatively similar in its action to pilocarpine), these drugs in 
a concentration of 10-* g/ml. producing about a third of the effect on spike 
height as that produced by acetylcholine 3 x 10-4 g/ml. Further support 
was given by the finding that the action of acetylcholine was much reduced 
or abolished by two drugs which are known to antagonize the nicotinic 
actions of acetylcholine at other sites, tubocurarine and hexamethonium 
(10-*-10-% g/ml.). However, it should be noted that the same concentration 
of atropine, a drug which blocks the muscarinic action of acetylcholine, 
is equally effective in blocking the action of acetylcholine on nerve fibres 
described here. The tubocurarine and hexamethonium did not by them- 
selves alter the spike height; atropine (10- g/ml.) tended to reduce the 
spike height a little. 
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Inhibition of the uptake of catecholamines in brain tissues by 
reserpine. By B. B. Bropre, H. J. E. Trrus and 
C. W. M. Witson*. Laboratory of Chemical Pharmacology, National 
Heart Institute, Bethesda, Maryland, U.S.A. 


There is evidence that reserpine may block an active transport mechanism 
for the uptake of serotonin and catecholamines in the platelets (Hughes & 
Brodie, 1959), and it has been shown by Brodie, Titus & Wilson (1960) 
that there is no barrier to the uptake of various compounds by the pituitary 
-and other areas of the brain from the blood. In view of the possible effects 
of reserpine on the transport of catecholamines in the brain, the uptake of 
adrenaline and noradrenaline by the pituitary and other parts of the brain 
has been compared with their uptake by muscle and liver in vivo and 
vitro. 
TABLE 1 


Tissue: plasma ratio 


Adrenaline Noradrenaline 

Cats Normal Reserpinized Normal _Reserpinized 
Cortex 1-7 0-4 44 1-3 
Rhinencephalon 1-4 0-3 — sont 
Hypothalamus 1-8 0-7 1-8 
Thalamus 1-5 0-5 
Mid-brain 1-4 0-6 tere 
Cerebellum 0-7 0-4 3-7 1-3 
Pituitary 1-4 0-7 3°7 1-3 
Pineal 4-4 2-2 
Liver 0-8 0-2 1-5 1-4 
Muscle 0-5 0-1 1-4 O-7- 
Plasma, (yg/1.) 17 


Intravenous infusion of pL-epinephrine-7-H® for 30 min at a rate of 
0-2-0-4 wg/kg/min resulted in plasma values of 2-7—3-8 g/l. and produced 
tissue: plasma ratios of 3-1—4-8 in the pituitary. Reserpine inhibited the 
concentrating mechanism of the pituitary so that ratios of 0-7—1-0 were 
obtained, which resembled those previously found in the pituitary for 
sulphaguanidine and N-acetyl 4-aminoantipyrine. 

Slices of brain tissue, liver and skeletal muscle were incubated for 60 min 

in a mixture of Krebs’s bicarbonate medium and serum (1:1) containing 
tritiated adrenaline or noradrenaline. The amines were isolated from the 
tissues by the method of Weil-Malherbe & Bone (1952). It was found that 
they were concentrated in normal brains, but that prior treatment of the 
cats with reserpine inhibited this mechanism as shown in Table 1. In a few 
experiments the pineal gland and area postrema also were shown to con- 


* Present address: Department of Pharmacology and General Therapeutics, University 
of Liverpool. 
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centrate adrenaline. The concentrating mechanism in the hypothalamus 
became saturated as the concentration of adranaline in the medium was 
increased. 
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Site of the action of p-tubocurarine that enhances evoked cortical 
potentials. By A. B. Carrnie and J. L. Matcotm. Department of 
Physiology, University of Aberdeen 


_ Feldberg, Malcolm & Sherwood (1956) reported that an intraventricular 
injection of 200 ng p-tubocurarine produced a large increase in the negative 
phase of the electrical response evoked in the cortex and in the thalamus, 
in cats under chloralose anaesthesia, by peroneal nerve stimulation. The 
accompanying increase in muscular activity has been shown to be due to 
the effect of tubocurarine on the periaqueductal grey matter (Feldberg 
& Malcolm, 1959). 

In the present experiments a solution of tubocurarine (1 x 10-* mg/ml. 
of an artificial cerebrospinal fluid) was perfused at 4 ml./hr from the lateral 
ventricle to the cisterna and there was no change in the evoked cortical 
response. Nor was there an enhancement of the evoked cortical response 
following an intraventricular injection if the dura over the somato-sensory 
area were intact, although injection of dye suggested that the tubocura- 
rine had reached most of the brain surface except the somato-sensory area. 


On the other hand, when a tubocurarine solution (1 x 10-* mg/ml.) was. 


perfused at 4 ml./hr from a needle inserted in the dura to the cisterna, the 
evoked response was increased only when the solution was shown to have 
reached the somato-sensory area. . 

The response evoked in the thalamus by the same stimulus was not 
enhanced when application of the tubocurarine was limited to perfusion 
of the ventricles, though the tubocurarine did produce some increase in 
the spontaneous activity. | 

The results indicate that the enhancement of the evoked responses does 
not depend upon excitation by the tubocurarine of structures close to the 
ventricles, but is, in the case of the cortex, dependent upon the movement 
of the ¢.s.f. containing tubocurarine to the somato-sensory area. Move- 
ment in this direction to a sufficient degree only occurs when the dura is 
opened over this region, when the rate of movement following an intra- 
ventricular injection is sufficiently rapid for an effect to take place iv 
34min. On the other hand, if the dura is intact, a single intraventricular 
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injection or perfusion of the ventricles only occasionally produces a slight 
enhancement of the evoked cortical response after a delay of 30-40 min. 
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The effect of barium on the release of acetylcholine from the 
cat’s superior cervical ganglion. By W. W. Dovae.as, D. W. 
Lywoop and R. W. Srraus. Department of Pharmacology, Albert 
Einstein College of Medicine, New York 61, New York, U.S.A. 


The release of acetylcholine by impulses in cholinergic nerves is known 
to be influenced by calcium and magnesium. When calcium is removed 
from the Locke’s solution used to perfuse the superior cervical ganglion, 
the output of acetylcholine on preganglionic stimulation falls (Harvey & 
MacIntosh, 1940). Conversely, the amount of acetylcholine liberated by 
stimulation increases with increasing calcium concentration, and the effect 
_of calcium is antagonized by magnesium (Hutter & Kostial, 1954). Studies 
of end-plate potentials in skeletal muscle have indicated similar anta- 
gonistic actions of calcium and magnesium on acetylcholine release from 
- stimulated motor neurones (see del Castillo & Katz, 1956). 

We have now found that barium, another ion of the alkali earth group, 
has also pronounced effects on acetylcholine release. In our experiments 
cats were anaesthetized with chloralose and the superior cervical ganglion 
perfused with an oxygenated buffered Locke’s solution which contained 
(mm) NaCl, 154; KCl, 5-6; CaCl,, 2-2; Na,HPO,, 2-15; NaH,PO,, 0-85; 
_ Glucose, 10, or with similar solutions containing barium or free from calcium. 
The preganglionic trunk was stimulated at 2 shocks/sec for periods of 
5 min alternating with 7 min periods of rest, and the acetylcholine content . 
_ of the ganglion perfusates assayed on the blood pressure of the chloralosed, 
eviscerated cat. With the Locke’s solution acetylcholine was found in 
successive stimulated samples in approximately equal amounts. Little or _ 
no acetylcholine was detected in the samples taken without nerve stimula- 
tion. When barium (6 mm) was added to the Locke’s solution, the amount 
_ of acetylcholine released by nerve stimulation was approximately doubled 
without any apparent change in the resting efflux of acetylcholine. When | 
the calcium in the perfusion fluid was replaced with an equimolar amount 
of barium, preganglionic stimulation continued to be effective in releasing 
acetylcholine for at least 40min. After the acetylcholine output on 
stimulation had been reduced by perfusion with calcium-free Locke’s 
solution for about 30 min, it was found that the addition of barium (2-2 mm) 
_restored it to about the control values found with Locke’s solution. 


ig 
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It has been suggested that the release of acetylcholine by nervous 
impulses is effected by the entry of calcium ions into the nerve fibre (Birks 
& MacIntosh, 1957; Hodgkin & Keynes, 1957). Barium perhaps acts in the 
same way as calcium: its action may thus provide a further clue on the 
acetylcholine ejection mechanism. It seems not unlikely that the stimulant 
effect of barium on acetylcholine output may underlie some of its many 
known pharmacological effects. 
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Ether-soluble active lipid in rabbit brain extracts. By N. AmBacHE 
and MARGARET Rrynoups. Medical Research Council, Department of 
Physiology, Royal College of Surgeons, London 


Extracts of bled or Locke-perfused cerebral hemispheres ground in 
distilled water of pH 7-8 (1 ml./200 mg tissue) and centrifuged, contracted 
hamster colon preparations (suspended in a 5ml. bath in atropine 
10-7 + 2-brom-p-lysergic diethylamide bi-tartrate, BOL 148, 10-*), in doses 
of =10—40 mg tissue, and were usually 5-8 times weaker than corres- 
ponding iris extracts. 

The active material was purifiable through acetone. When crude extracts 
were partitioned with 1 vol. ether the activity recovered from the ether 
phase was <10% and 12-5% at pH 8-54 and 8-14, but 66-90% at pH 


2-36—2-98 (6 experiments). However, when petroleum ether (B.P. 40-60°C) | 


was substituted for ether <5-10°% was recovered at pH 2-16—2-89. 

Recovery was almost nil if the extracts were pre-treated with [Br before 
partition with ether at pH 2-36. Activity was also destroyed by pheny! 
isocynate. These findings suggest an unsaturated lipid with at least an acid 
and an OH (or amine) groups, and thus far resembling irin. 


The rat uterus (in atropine and BOL 148) is 10 times less sensitive than 


the hamster colon but does respond to large doses both of ether-purified 
brain (=400 mg) and of ether-purified irin (= 40-60 mg); it is insensitive 
to Na ricinoleate up to 188 yg/ml. 


Extracts of other parts of the brain contained similar activity recoverable 
by acid partition with ether. 


a-Hydroxy-nervonic and N -acetyl-neuraminic acids were inactive on 
the hamster colon. 
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Differential nerve block by sodium-deficient solutions. By 
P. W. NatHan and T. A. Sears. The Medical Research Council 
Neurological Research Unit and the Institute of Neurology, National 
Hospital, Queen Square, London, W.C. 1 


The action of sodium-free and sodium-deficient solutions on conduction 
in fibres of the different groups has been studied on spinal roots of the cat. 
Peripheral nerves were stimulated and the compound action potentials 
recorded from filaments of the spinal roots (S1—4). The cut end of the 
- filament was threaded through holes in the sides of a chamber (internal 
diam. 8 mm, capacity 1 ml.) and then laid on recording electrodes. The 
chamber was filled with the different solutions, leakage being prevented 
by wax seals; liquid paraffin protected the roots from drying. 

The sodium concentration of the ‘normal’ solution (a modified Krebs— 
Henseleit’s solution after Diamond, Gray & Inman 1958), was 145 mm; 
sucrose, or in some experiments, choline chloride, was used to replace the 
sodium. 

Sodium-free solutions caused complete block of conduction in all 
myelinated and non-myelinated fibres. This blocking occurs at different 
rates. Thus, a large proportion of the alpha beta fibres is still conducting 
when the gamma, delta, and non-myelinated fibres are completely 
blocked. Recovery of fibres of all sizes occurs within seconds of applying 
the normal solution and is complete within 1 min. 

Solutions containing between 10% and 25% of the normal amount of 
sodium block the fibre groups differentially. For example, a solution 
containing 15% of the normal amount of sodium blocks the gamma, delta, 
and non-myelinated fibres without blocking a significant proportion of 
the alpha beta fibres. Solutions containing 20°% of the normal amount of 
sodium block delta and non-myelinated fibres, but a proportion of the 
gamma fibres continue to conduct. at diminished velocity. Slowing of. 
conduction velocity is conspicuous with concentrations of sodium near to 
threshold for blocking, especially with non-myelinated nerve fibres. The 
non-myelinated fibres continue to conduct at diminished velocity, in a 
solution which blocks the very smallest myelinated fibres (25° of normal 
sodium concentration). This result possibly depends on differences between 
saltatory conduction and conduction in a continuous system, rather than 
on fibre size. 


REFERENCES 
Diamonp, J., Gray, J. A. B. & Inman, D. R. (1958). J. Physiol. 142, 383-394. 


q 
c2 


42P PROCEEDINGS OF THE PHYSIOLOGICAL 


The effects of oestrogen, progesterone and placental extracts on 
inulin and para-aminohippurate clearances in the anaesthe- 
tized rat. By B. F. Marrurws. Department of Physiology, U — 
of Aberdeen 


We have shown (Matthews & Taylor, 1960) that both inulin and para- 
aminohippurate (PAH) clearances are increased in 14-day and 18-day 
pregnant rats anaesthetized with barbiturate when compared with unmated 
control rats, and have suggested that the placentas were involved in the 
increased clearances found during pregnancy. The present experiments 
were designed to discover more direct evidence for this hypothesis. 

The methods used for measuring the clearances in the anaesthetized rat 
were as described previously (Matthews & Taylor, 1960). The effect of 
oestrogen and progesterone was investigated by measuring the inulin and 
PAH clearances in three groups, each consisting of eleven ovariectomized 
rats. The first group was injected subcutaneously with oestradiol benzoate 
(10 ug daily) dissolved in olive oil; the second group received the same 
amount of oestradiol plus progesterone (2 mg daily) in olive oil, and the 
third group olive oil alone. Injections were made twice daily and on the 
14th day the clearances were measured. Values for inulin and PAH 
clearances were found to be similar in the groups receiving oestradiol or 
olive oil alone, but in the group given both oestradiol and progesterone the 
clearances were slightly lower. 

The effect of oestrogen and progesterone was also investigated in three 
further groups, each of nine rats. Pregnancy was terminated on the 12th 
day and the three groups were then injected as in the first experiment. 
Inulin and PAH clearances were measured after the injections had been 
given for 6 days. No significant differences in the clearances of the three 
groups was found, and it is concluded that in the present experiments 
oestrogen alone or combined with progesterone has little effect on inulin 
and PAH clearances. 

A more direct approach to the problem was made by investigating the 
effect of placental extracts on inulin and PAH clearances. In two groups, 
each of eight rats, pregnancy was terminated on the 12th day. One group 
was injected twice daily for 6 days with a suspension in saline of homo- 


genized whole placentas from 14-day pregnant rats; the other group was 


similarly injected with the supernatant fluid of the centrifuged saline 
extract of homogenized placentas from 14-day pregnant rats. Each rat 
was given the equivalent of one to two placentas daily. A third group of 
six received saline alone. Clearance values were apparently slightly higher 
in the groups injected with suspension of placentas or supernatant fluid 
compared with those injected with saline alone. For PAH the differences 
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were not significant. For inulin the differences were just outside the 5% 
level of significance (P = 0-05—0-1). The results though inconclusive suggest 
that there may be something in the placenta affecting the inulin clearance 
values. 
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The percentage of noradrenaline in the adrenal glands of 
| families of cats. By K. R. Burrerworrs and Monica Mann. 
Department of Pharmacology, St Mary’s Hospital Medical School, 
London, W. 2, and School of Pharmacy, London, W.C. 1 


A range of 13-91 % of noradrenaline in the adrenal glands of a group of 
thirty-eight cats has been obtained by Butterworth & Mann (1957), thus 
_ confirming the fact that the proportion of noradrenaline to adrenaline in 
_ cat adrenal glands varies considerably. In an attempt to investigate this 

variability, Butterworth & Mann (1960) have studied the adrenal catechol 
amine content of litters of healthy, young cats. All the cats in each 
litter were killed on the same day, the adrenal glands removed and 
extracted, and the extracts assayed biologically. It was found that, 
although there was a wide range in the percentage of noradrenaline 
(8-84%) between the litters, there was little or no. variation within 
a litter. This was found to be true in all the seventeen litters studied, 
_ and was independent of the size of the litter, the sex and the general 
_ appearance of the animals. 

In a continuation of this work, each of six litters was subdivided. 
Intervals of 3-16 weeks were allowed between the removal of the glands 
from the cats in each subdivision. All animals were kept under as similar 
conditions as possible and no cat was used until it had been in the animal 
house for at least 3 weeks. It was found that, despite the interval of 
several weeks between the adrenalectomies, the percentage of noradrenaline 
in the glands of each litter remained constant. 

With eight litters it has been possible to determine the percentage of 
noradrenaline in the glands of the mother cat. It was found that there was 
always good agreement between the values obtained for the mother and 
for her litter. 

In four cases the percentage of sieeeaibiein in successive litters from 
the same mother was determined. Two groups containing two litters each 
and two containing three each, were obtained. As might be expected 
from the mother-litter relationship, the values for the successive litters 
from each mother were similar. | 

The application of these results is that it is possible, in experiments on 
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the adrenal medulla of cats, to perform individual experiments on litter- 
mate cats at varying time intervals, each litter being subdivided into test 
and control groups. This obviates the necessity to compare the catechol 
amine contents of the left and right gland of each animal, one gland being 
removed as the control before the experiment is commenced. 
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The effect of pituitrin on sweating. By W. 8. 8. Laprti and 
H. W. Wurrcner. Chemical Defence Experimental Establishment, 
Porton Down, Wilts 


When inherently acclimatized Africans working at 1:7 kcal/m?/min in 
31-5° C dry bulb (p.B.), 28° C wet bulb (w.B.) were given a pharmaco- 
logical dose of pituitrin those sweating heavily sweated less and those 
sweating lightly sweated more (Ladell, 1948). An attempt has been 
made to confirm this on unacclimatized Europeans; twenty-four un- 
acclimatized Europeans were exercised at 1-7 kcal/m?/min for 2 hr on 
4 successive days in 32°C p.B., 26-5°C w.B., air movement c..15 m/min. 
On 2 of the 4 days, selected at random, each man was given 5 units of 
pituitrin i.m. immediately on entering the climatic chamber. All the men 
were given 1000 ml. of water to drink 10 min before exposure. The mean 
urine outputs during exposure were: control tests, 414 ml., thirty-seven 
observations only, diuresis was inhibited by heat (Weiner, 1944) on 
eleven occasions; pituitrin tests, 70 ml., including nil flows on twenty 
occasions. There was no statistical difference between the mean 2 hr 
sweat productions either in quantity or in range: control 1030 g+s.p. 
298 g, test 1092 g+s.p. 299 g. The sweat gland responses (ratios of the 
sweat produced to the over-all rises in rectal temperature, ‘r.t.’) were, 


however, markedly diminished in the first hour after pituitrin: mean $ 


control sweat gland responses were 699, 387 and 315 g/° C above initial 
r.t. for the three 20 min periods 10-30, 30-50 and 50-70 min respectively ; 


mean post-pituitrin responses, 511, 288 and 261 g/°.C also reapectively. | 


These lower responses after pituitrin were associated with higher r.t.’s 
Thus at 50 min the mean r.t.’s were: control, 37-5° C + s.p. 0-33° C; post- 
pituitrin, 37-8° C+s.p. 0-29° C (t = 4-9, P < 0-001). 

These observations suggest that any effect pituitrin in pharmacological 
doses may have on sweating is indirect. The peripheral vasoconstriction 
produced by pituitrin (Aitken & Priestley, 1925) will tend to reduce 
cutaneous heat losses, hence r.t.’s will rise more quickly during work in 
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heat. With higher r.t.’s the sweat responses are reduced, consequently in 
severe conditions when the r.t. rises above about 38° C (Ladell, 1957) the 
_ total sweat production will be diminished. No evidence can be adduced 
from this experiment of ~—* direct physiological effect of endogenous ADH 
on the sweat glands. 
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Bone strength and calcium retention of rats in hypervita- 
minosis A. By A. Knocari*. Physiology Department, University of 
St Andrews at Queen’s College, Dundee 


_ The occurrence of spontaneous fractures in rats fed with excessive 

amounts of vitamin A was first reported by Collazo & Rodriguez (1933). 
and since then has been confirmed by many workers. The common site of 
these fractures is the upper third of the tibia. The cause of such fractures, 
however, is still obscure. 

The following table summarizes the results of an experiment in which 
young rats were given vitamin A acetate in graded doses for 4 weeks. Only 
the rats receiving 24,000 i.u. of vitamin A per day developed spontaneous 
fractures. The bones from this group showed reduced breaking stress (see 
Bell, Cuthbertson & Orr, 1941) without any alteration in the ash content. 


Vitamin A (i.u./day) 


Control 24,000 iu. 12,000 i.u. 6000 


No. of rats sea 6 eee 6 6 
Body weight (g) 
Initial 55 54 53 54 
Final | 157 89 157 167 
Femur weight (g) 0-323 0-159 0-297 0-332 
Lb.in. 3-02 0-96 224 2-79 
ie. 3.48 1-11 2-53 3-21 
Lb./sq.in. x 10° 33-5 24-1 
Breaking stress {ee ee! x 108) 2-36 1-71 2-36 2-32 
Ash in tibia % 53-6 537 54:7 55-0 
Total calcium retention (g) 1-07 0-38 0-97 1-10 


_ Microradiographs of undecalcified sections of bone showed no difference 
in mineralization between hypervitaminotic and normal rats. If / is the 
length of bone between end supports, and W the weight applied to 
the centre, the bending moment is }WI/ (Bell et al. 1941): the bending 


* On leave from the Department of Physiology, University of Khartoum. 
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moment at breaking was reduced in all the groups receiving vitamin A, 
the reduction being particularly marked in the group which sustained 
spontaneous fractures during the experiment. : 

The total calcium retention was significantly lowered in the severely 
hypervitaminotic group in which the bones were reduced in thickness. 
Histologically, these bones showed trabeculated endosteal bone. Whether 
- the thin bones seen in hypervitaminosis A are due to acceleration of the 
remodelling process or whether the vitamin interferes in some way with the 
availability of calcium to the animal remains to be investigated. 

Vitamin A acetate was kindly supplied by Messrs Glaxo Laboratories Ltd. 
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Quantitative effects of : _f-aminopropionitrile on bone growth. 


U of St Andrews 8 College, Dundee 


3 Recently weaned rats were fed on rat cake and given f- -aminopropioni- 
trile fumarate (APN) by gavage. After 4 weeks they were killed and the 


physical properties of the femora were measured (Bell, Cuthbertson & Orr, 


1941). The breaking stress fell from about 33,000 Lb./sq.in. (2320 kg/cm?) 
in the controls to about 5000 Lb./sq.in. (344 kg/cm?) in those receiving 
108 mg APN daily. The fall in breaking stress with high dosage of APN 
cannot be attributed to an alteration in the quality of the bone material laid 
down, since the cross-sections of the bones show increasing trabeculation 
with increasing dosage. In other words, it seems that the fall in breaking 
stress is a measure of the sponginess of the bone and not necessarily of 
deterioration in the material. Nevertheless, it seems justifiable to use the 
data to draw a dose-response curve and to use it to find in quantitative 
terms the effect of certain alleged antagonists to APN, such as thyroxine. 


Weare indebted to Abbott Laboratories Ltd. for asupply of APN and to Glaxo Laboratories 
Ltd. for a supply of thyroxine. 
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* Present address: Department of Physiology, Darbhanga Medical College, Laheriasari, 
Bihar, India. : 
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Metabolism of progesterone by homogenates of the liver of new- 
born mice, By K. Brown-Grant and E. Forcuren.i. Department 
of Physiology, University of Birmingham and the Worcester Foundation, 
Shrewsbury, Mass., U.S.A. 


Karnofsky, Hamre & Hysom (1952) have reported that progesterone is 
toxic to new-born but not to adult mice. A failure of ‘detoxification’ by 
_ the liver was postulated. Metabolism of progesterone by reduction of the 
double bond in ring A involves a loss in biological activity and the enzymes 
_ responsible are found in the liver. Their activity may be measured in vitro 
by anaerobic incubation of homogenates at pH 7-2 in the presence of a 
reduced Co II generating system, followed by extraction of the added — 
steroid and the determination of the absorption at 240 mp. The level of 


1. A*-Hydrogenase activity of mouse-liver homogenates. Values are means standard 
error of mean. Fifteen experiments were performed with homogenates of sucklings’ livers 
and seven experiments with homogenates of adults’ livers 


Percentage reduction in 20 min 


Sucklings Adults 
Per 50 mg Per 50 mg : 
Steroid wet wt. Per 2mg N, wet wt. Per 2mgN, 
rone 47+4 38+4 
Cortisone 5+1 6+1 1142 12+1 
Testosterone 13+1 16+2 18+4 1914 


activity is much lower in homogenates of the livers of young rats than of 
adults (Forchielli, Brown-Grant & Dorfman, 1958). The livers of mice of the 
Webster strain from litters less than 24 hr, 2, 3, 4, 5, 6 and 7 days of age 
were pooled and homogenized. Steroid A‘-hydrogenase activity was deter- 
mined in triplicate by the methods of Forchielli e¢ al. using progesterone, 
cortisone or testosterone as substrate. Two or more determinations on 
tissue from litters of each age and on tissue from adult animals of the same 
strain were carried out. Results from male and female adults did not differ 
significantly and were combined, nor did the results from litters of different 
ages which were also combined. Table 1 shows that no differences in the 
rate of reduction of progesterone between homogenates from suckling and 
adult mice were detected. Both preparations reduced progesterone more 
rapidly than either cortisone or testosterone. There is thus no evidence 
that toxicity of progesterone in new-born mice is due to deficiency of 
liver enzymes carrying out ring A reduction. In the mouse the liver 
content of steroid A*-hydrogenases appears to be as high in new-born as in 
adult animals. The reason for this difference from the rat is not known. 
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The staircase effect shown by the myometrium. By Brenpa M. 
ScuorreLp. Physiology Department, Royal Veterinary College, London, 
N.W.1 

Csapo & Corner (1952) demonstrated that the staircase effect occurs in 
uterine muscle. In isolated strips of rabbit uterus, the staircase effect is 
influenced by ovarian hormones, an oestrogen-dominated myometrium 
having a positive staircase whereas a progesterone-dominated myometrium 
has a negative staircase. Schofield (1954) showed that the staircase effect 
could also be elicited in the intact rabbit, the results of experiments 
in vivo being equivalent to those in vitro. 

At the end of pregnancy in the rabbit, changes in hormonal dominance 
can be demonstrated by recording the staircase effect (Bengtsson, 1957; 
‘Schofield, 1957). Thus a negative staircase effect, indicating progesterone 
domination, is demonstrable during pregnancy until 1 or 2 days before 
term. Towards the end of pregnancy the progesterone influence declines 
and some 24 hr before parturition the myometrium, becoming dominated 
by oestrogen, shows a positive staircase effect. : 

A similar phenomenon occurs in the pregnant ewe (Bengtsson & Scho- 
field, 1960). These findings in the intact ewe were confirmed on isolated 
uterine strips. Thus the hormone domination at the end of pregnancy 
appears to be similar in the sheep and rabbit. 

In the intact pregnant rat, on the other hand, recordings over the last 
8 days of pregnancy, during parturition and immediately post partum 
showed a negative staircase effect; a positive staircase effect was never 
elicited. This was confirmed on isolated strips. 

In all three species the myometrium became more sensitive to oxytocin 
with the approach of parturition. In the rat and rabbit, the tension 
developed in response to electrical stimulation increased towards the end 
of pregnancy: in the rabbit during the last 2 weeks and in the rat during 
the last few days. 

The staircase effect was investigated in the ovariectomized rat injected 
daily with ovarian hormones (up to 100yug of oestrogen for 4-12 days, 
which is several times the dose necessary in the rabbit to demonstrate a 
positive staircase effect (Schofield, 1955)). A positive staircase effect was 
never obtained and the staircase effect was usually negative. This was not 
altered by simultaneous progesterone injection. 
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It is evident, therefore, that even with high levels of oestrogen and in 
the absence of progesterone, the myometrium of the rat does not, under 
these experimental conditions, show a positive staircase effect. This suggests 
that at the time of parturition in the rat there is not necessarily a pattern 
of hormonal control different from that found in the sheep and rabbit. It 
seems more probable that this discrepancy is due to a different organization 
of the myometrium, so that the responses of the rat myometrium to 
electrical stimulation are not the same as in the other two species. 
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Stimulation of heat production in new-born cats and adult rats by | 
adrenaline and noradrenaline. By H. Baum, R. E. Moors and 
Mary © Unprrwoop. Royal Free Hospital School of Medicine, 
London W.C.1 | 


The calorigenic properties of noradrenaline (N Ad) in the new-born small 

mammal have been previously reported (Moore & Underwood, 1959, 
—1960a, b). Adrenaline (Ad) is inactive in this respect in the new-born. 
A calorigenic response to Ad does, however, develop with age, but even in 
_ the adult is small compared to the effect of NAd on the new born. These 
observations, together with an observed decline in the calorigenic potency . 
_ of NAd with age, posed a problem of considerable interest. 
It appeared to us that a likely explanation could be sought in the ease of 
_ penetration to calorigenic effector sites. The following experiments were 
designed to enable us to test the hypothesis that both NAd and Ad were 
_ ealorigenic provided that they could reach the site of metabolic stimulation 
in both the new-born and adult mammal. 

New-born cats and adult rats were given subcutaneous (s.C.) injections of 
dibenzyline (25 mg/kg), followed after 4-1 hr by s.c. Ad or NAd (400 pg/kg). 
Oxygen consumptions and, in the kittens, body temperatures, were 
measured as previously described. At an environmental temperature of 
35° C, dibenzyline had no effect on oxygen consumption (or on kitten body 
temperature), but the subsequent injections of either NAd or Ad were 
calorigenic in both new-born cat and adult rat. Ad and NAd were found 
to be of approximately equal potency under these conditions. 

We consider that the action of dibenzyline in potentiating these effects 
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was due to its blocking of the surface receptors for Ad and NAd. This | 


prevented the rapid removal from the blood of the injected catecholamines 
and thus permitted their access to the calorigenic effector sites. Once 
there, metabolic stimulation became apparent. 

We therefore suggest that the calorigenic effect of injected N Ad declines 
with age because of the development of surface receptors which can 


effectively remove NAd from the blood. The implications are further that 


Ad receptors are well developed in the neonate and that some of these might 
change their specificity towards NAd as the animal matures. 
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Uterine distension and the vaginal cycle in the guinea-pig. 
By B. T. Donovan and W. Traczyx*. Department of Neuroendo- 
crinology, Institute of Psychiatry, Denmark Hill, London, S.E. 5 

Distension of the uterus of the sheep by the insertion of plastic beads is 
associated with changes in the length of the oestrous cycle, which are not 
evident if the segment containing the bead is denervated (Nalbandov, 
Moore & Norton, 1955). Nervous stimuli arising from the uterus would 
thus appear to be of significance in the regulation of the oestrous cycle of 
the ewe. Little comparable work has been carried out in other species and 
_ therefore the effect of distension of the uterus on the vaginal cycle of the 
guinea-pig has been studied. 

Under barbiturate anaesthesia two glass beads (7 mm long and 3 mm 
diameter) were inserted through the cervical canal into each horn of the 
uterus at various stages of the oestrous cycle. They were pushed as far 
toward the Fallopian tubes as possible. Control operations, in which beads 
were inserted and removed, were also performed. The oestrous rhythm was 
followed by daily examination of the vaginal membrane and a smear was 
taken if the vagina was open. 

It was found that the immediate effect produced by the insertion of a 
bead varied according to the stage of the cycle at operation. The most 
consistent feature of the results is that the introduction of beads into the 
uterus 10 days or more after the appearance of a cornified smear often 
delayed the next oestrous period. This effect was not evident when the 
beads were inserted about the time of oestrus. If the beads remained in 
the uterus during subsequent cycles then these were generally of shorter 
duration than normal. 


* Permanent address: Laboratory of Physiology, Polish Academy of Sciences, Warsaw. 
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These observations seem to indicate that the timing of oestrus in the 
guinea-pig may be altered by manipulation of the uterus. 
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The selective appetite for Na+ in sheep. By D. A. Drnron and 
J. R. Sapine. Department of Physiology, University of Melbourne, 
Victoria, Australia 

Some sheep, when offered solutions of Na+ salts to drink, ingested 
voluntarily considerable amounts though they were in normal Nat 
balance. The establishment of a permanent unilateral parotid fistula caused 
loss of 1-41. of alkaline saliva/day containing 180-700 m-equiv of Nat— 
mainly NaHCO,. This Na* loss caused a large increase of appetite for 

Na*. The voluntary intake of many animals was adequate to maintain 

a normal Nat balance, whilst others oscillated around a balance involving 

some degree of residual Na+ deficiency. If solutions of both NaCi and 

_ NaHCO, were offered (e.g. 420 m-equiv/l.) the animal showed a clear pre- 

ference for NaHCO,, a more appropriate choice in the face of loss of — 

alkaline parotid saliva. If the fistulated sheep were offered continuous 
access to NaHCO, solution and water, and the concentration of the NaCHO, 
solution was varied from 119 to 940 m-equiv/l., the animal varied the 
volume drunk so that intake remained relatively constant and approxi- 
mated the loss from the fistula. If the Na+ solutions were available to the 
sheep for only 15-60 min each day, the animal usually ingested enough to 
correct its deficit. Eighty to ninety per cent of intake occurred during the 
first 5 min. If access were permitted only on every 2nd or 3rd day, the 
amount of Na+ ingested was increased commensurately. The frequency and 
_ procedure of sampling the solutions during normal Na+ balance and Nat 
deficiency was compared during short-term access. There was a large 
increase of sampling activity during Na+ deficiency. The sheep rarely 
ingested any KCl solution when it was included amongst the solutions 
offered. The preference for NaHCO, over NaCl was maintained during this 
regime of short-term access. Na+ deficiency produced changes of behaviour. 

Distance receptor information indicating impending presentation of Nat 

solutions caused increased salivary secretion and other evidences of 

medullary excitation. 
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The further purification of gastrin: secretory responses in a 
human subject. By R. A. Gregory and Hitpa J. Tracy. The 
Physiological Laboratory, University of Liverpool 

Gregory & Tracy (1959) reported the preparation from hog antral 
mucosa of gastrin in a form free from histamine, which stimulates 
gastric acid secretion when injected subcutaneously, as well as intra- 
muscularly or intravenously, into conscious dogs provided with gastric 
fistulae or fundic pouches. The product described, though potent and 
non-toxic, proved unsuitable for attempts at further refinement by 
chromatographic or electrophoretic techniques; it consists, like the pre- 
parations of earlier investigators (Munch-Petersen, Ronnow & Uvnis, 
1944; Uvnis, 1945; Jorpes, Jalling & Mutt, 1952) largely of denatured 
protein, which is insoluble at pH 4-8 and adsorbs gastrin when preci- 
pitated. The problem of removing this protein has now been solved by 
precipitation of it with piperidine and acetic acid from solution in 80% 
acetone. A fourfold increase in potency results without loss of gastrin and 
the product can be fractionated on a column of calcium phosphate gel 
(Gregory, 1955). This retains the gastrin completely; almost all of the 
inert biuret-reacting material in the solution applied can be removed by 
washing. The gastrin is then completely displaced by a low concentration 
of phosphate, preferably used in the form of a linear gradient; the activity 
emerges as a sharp peak corresponding to a concentration of 0-01-0-02 % 
PO, entering the column. This fraction contains a trace of pigment and the 
‘tail’ of it is inactive. Paper chromatography and electrophoresis of the 
active ‘front’ portion shows that several components are present. An 
amount of this fraction corresponding to 20-40 g mucosa (a suitable dose 
for a dog) contains 0-01—0-02 mg total N; it is closely similar in activity 
and properties to the cruder material previously described (Gregory & 
Tracy, 1959). 

Amounts of this purified material corresponding to 200g mucosa 
(0-1 mg N) and derived from the same or different preparations were 
injected subcutaneously, intramuscularly or intravenously into the same 
human subject on different occasions. Secretion commenced within 15 min 
and after subcutaneous or intramuscular injection lasted for over 3 hr; 
a typical output was 465 ml. containing 44 m-equiv total HCl. After 
intravenous injection the response was much smaller and lasted only 
_ about 2 hr. No definite evidence of increased pepsin output was obtained. 

_The subject experienced no significant side- or after-effects. 


Fe 


| Sti 
b 9 
| 
WC 
of 
He 
fo 
Ce 
be 
h 
ac 
In 
@a 
re 
re 
SE 
n 
fe 
oO 


SOCIETY, 29-30 JULY 1960 53 P 


REFERENCES 


Greoory, R. A. (1955). J. Physiol. 129, 528. 

Grecory, R. A. & Tracy, Hinpa J. (1959). J. Physiol. 149, 70P. 

Jorpes, J. E., Jatiine, O. & Mutt, V. (1952). Biochem. J. 52, 327. 
MUNCH-PETERSEN, J., RONNOW, G. & Uvnas, B. (1944). Acta physiol. scand. 7, 289. 
Uvwnis, B. (1945). Acta physiol. scand. 9, 296. 


Feeding responses in separated fundic pouches in dogs before 
and after isolation of the innervated antrum. By Maune Pr 
and Brenpa M. Scuorrerp. Department of Physiology, 
Medical School, King’s College, Newcastle upon Tyne 1 


The ability of the vagus nerve to release gastrin must now be accepted, 
but the contribution of this process to the normal acid response to feeding is 
still uncertain. If secretion be collected by the irrigation method described 
by Burstall & Schofield (1953), Heidenhain gastric pouches usually show 
a clear response to feeding beginning in the first 15 min and attaining a 
peak within the first hour. This is contrary to the experience of many 
workers using conventional techniques for collection, but is similar to that 
of Gregory & Tracy (1960) who used totally denervated Heidenhain 
pouches. There is thus a place for a ‘nervous phase’ in the response of the 
Heidenhain pouch to feeding. 

It is of course uncertain how much and how soon the direct effects of 
food in the stomach contribute to the early response, but some information 
can be obtained by isolating the antrum as a vagally innervated pouch. In 
both ordinary and totally denervated Heidenhain-pouch preparations this 
_ procedure, which should largely eliminate the direct effects, usually en- 
- hances the early phase of the feeding response. Oberhelman, Rigler & 
Dragstedt (1957) also observed that Heidenhain pouches showed a marked 
acid response within 15-30 min after feeding following isolation of the 
innervated antrum. Acidification of the antral pouch strongly inhibits the 
early feeding response. Vagal denervation of the antral. pouch greatly 
reduces or abolishes it. 

These results suggest that a large part of the early feeding response of 
the Heidenhain pouch may depend on vagal release of gastrin and may not 
require contact of the food with the antral mucosa. The very small acid 
secretion of ordinary Heidenhain-pouch preparations to sham feeding is of 
no significance in assessing the contribution of this process to the normal 
feeding response, since the antrum is exposed to unbuffered acid secreted 
by the body of the stomach. This inhibitory influence seems unlikely to 
operate strongly after normal feeding with the antrum in situ. Woodward 
(1960) has recently stated that the critical pH for antral inhibition appears 


“ 
q 


54P PROCEEDINGS OF THE PHYS. SOC., 29-30 JULY 1960 


to be about 1:7, while according to Thomas (1940) the antral pH in dogs 
following a meal of meat normally lies between 2-0 and 3-0 with a node 
at 2-6. 
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Observations on the blood carbon-dioxide dissociation curves of 
emphysematous patients. By R. W. B. Penman and O. L. Wane. 
Department of Therapeutics and Pharmacology, The Queen’s University 
of Belfast 
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A device for the. continuous measurement and recording of 
intravascular pH. By E. S. Jonzs, D. V. Ropzrts and J. S. 
Ropinson. Departments of M Physiology and Anaesthesia, 
University of Liverpool 


Technique of urine collection in the hen. By A. H. Syxus. Depart- 
ment of Physiology, University of Liverpool 3 


- Simultaneous recording of the flow of digesta through the 


duodenum with movements of the stomach in ruminants. By 
A.G. SmnauLETON. The Physiological Laboratory, University of Liverpool 


Flow through the duodenum is recorded and measured by a modification 
of the electromagnetic method previously used for measuring blood flow 
in unopened vessels (Katz & Kolin, 1938; Richards & Williams, 1953). 


_ Animals are prepared with a re-entrant duodenal fistula, so that duodenal 


contents can be passed through a tube fixed in the field of a large permanent 
magnet. The digesta, acting as a conductor, induce a potential difference 
across the tube which is proportional to velocity, and is positive or negative 
according to the direction of the flow. As the tube is rigid and of uniform 
cross-sectional area, velocity is proportional to the volume flowing. The 
voltage change is recorded photographically from an oscilloscope, and 
volume of flow is calculated from measurements of the areas between 
velocity trace and base line, after direct calibration. 

The tracings confirm Phillipson’s observation (1952) that flow occurs 
mainly in gushes, but show that reverse flow also occurs, so that a pro- 
portion of the material is returned to the stomach. . 

Stomach movements are recorded by means of a balloon and water | 
manometer, the latter being modified to act as a variable condenser. The 
water manometer is encircled on the outside by a sheet of metal foil, and 
is filled with a weak salt solution. The glass acts as the dielectric, and move- 
ment of the fluid varies the capacity. The change in capacity is recorded 
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by conventional methods on the oscilloscope. As a recording method it has 
no advantages over balloons and water manometers, but it enables a 
tracing to be recorded electrically which is comparable to those obtained 
by using smoked paper. 
REFERENCES 
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A machine for shaking tubes vertically. By $8. A. Hermes and 


P.T. Nowe. Department of Pharmacology and General Therapeutics. 
University of Liverpool 


The relation between ‘ae response to drugs of the isolated 
phrenic-nerve diaphragm of the young rat. By J. B. Roperrrs. 
Department of Pharmacology and General Therapeutics, University of 
Liverpool 


A non-corrodable valve for use in automatic control of flow of 
physiological fluids. By S. A. Hemes and J. B. Roperrs. 
Department of Pharmacology and General Therapeutics, University of 
Liverpool 


A method for estimating neostigmine (prostigmin) and pyrido- | 


stigmine in urine. By P. T. Caroxt A. Scorr and 


A. Witson. Department of Pharmacology and General Therapeutics, 
University of Liverpool 


Neurological and hormonal mechanisms involved in experi- 
mental gastric ulceration. By K. Martinpae, G. F. Somers 
and C. W. M. Wixson. Department of Pharmacology and General 


Therapeutics, University of Liverpool, and The Distillers Company 


(Biochemicals) Limited, Fleming Road, Speke, Liverpool 24 


Both nervous and hormonal factors influence the production of gastric 


ulcers. In rats the central-nervous-system depressants, phenobarbitone, | 


meprobamate and chlorpromazine, are ineffective in preventing restraint 


ulcers. The sedative drug thalidomide has some form of specific action — 


against restraint ulcers and in inhibiting a stress component induced 
by segregation in phenylbutazone ulcers. We have found that vagotomy 
induces ulceration in rats, which has also been reported in dogs (Keller, 
1936) and this is inhibited by adrenalectomy. While haemorrhagic 
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restraint ulcers are potentiated by adrenalectomy, ulceration is not 
prevented by hydrocortisone but the haemorrhagic component changes. 

These results show that the ulcers produced by adrenal and by vagal 
mechanisms have different characteristics. 


REFERENCE 
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Micro-incineration technique applied to cytological investigations. 
By J. Kruszynsxi. Department of Histology, University of Liverpool 


Tissue-section artifacts due to incomplete removal of embedding 
media. By J. Kruszynsx1. Peparrnens of Histology, University of 
Inverpool 


_ Electron microscope studies of Trichinella spiralis infecting mouse 
striated muscle. By B. Beckett and B. Booruroyp. 
Department of Histology, University of Liverpool 


Electron microscope investigations on the osteoclast. By B. 
Bootnroyp and N. M. Hancox. Department of Histology, Univer- 
sity of Liverpool 


Effect of parathyroid hormone on avian bone in tissue culture. 
By N. M. Hancox and Sytvia S. Warner. Department of Histology, 
University of Liverpool 


Smooth-muscle activity in the lung of the frog. By D.V. RoBERts. 
Department of Physioloyg, U — of Liverpool 


Pinocytosis in osteoclasts in vitro (film). By N. M. Hancox. 
Department of Histology, University of Liverpool 


The effect of bradykinin in an isolated perfused dog lung pre- 
paration. By B. A. Waaer. University Laboratory of Physiology, 
Oxford 

Bradykinin is known to be a powerful vasodilator substance in -the 

systemic circulation of various species, including dog and man (Rocha e 

Silva, Beraldo & Rosenfeld, 1949; Fox, Goldsmith, Kidd & Lewis, 1960). 

Collier, Holgate, Schachter & Shorley (1960) showed that the substance 
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produced marked bronchoconstriction both in isolated perfused guinea-pig 
lungs and on intravenous injection in the urethane-anaesthetized guinea- 
pig. There is, however, little further information available on the effect 
of bradykinin in the lungs. 

The effect of bradykinin was tested in an isolated, ventilated dog lung- 
lobe preparation, perfused by a method slightly modified from that 
previously described by Daly (1956).. Autologous blood was used as 
perfusate and the tidal air was measured. Pure bradykinin (Elliott, Lewis & 
Horton, 1960), or a partly purified substance was used. 

Bradykinin (3-10 yg) injected into the pulmonary artery cannula pro- 
duced a 5-20°% fall in pulmonary vascular resistance (PVR) in seven 
experiments. Larger doses did not produce a greater fall in PVR. The 
minimal effective dose ranged from 0-5 to 5yug of pure bradykinin. 
A gradual reduction of the responses occurred on repeated injections. 
Atropine did not affect the pulmonary vasomotor response to bradykinin. 

In some preparations (4 out of 7) bradykinin caused a slight broncho- 


dilatation, increasing the tidal air by less than 5%. Bronchoconstrictor 


responses never occurred. | 
The addition to the perfusate of a small amount of dog’s saliva, which is 
known to contain a bradykinin-forming enzyme, caused a fall in PVR of 
the same magnitude and duration as did an injection of a large dose of 
bradykinin. Addition of a small amount of human saliva, however, caused 
severe bronchoconstriction and vasoconstriction in the preparation. 
Partly purified and pure bradykinin samples were kindly supplied by Dr G. P. Lewis. 
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The cytochrome c content of the heart and skeletal muscle of 
iron-deficient rats. By H. A. Satmon. Department of Physiology, 
University of Sheffield | 

As reports of the effect of iron deficiency upon the cytochrome c content 
of animal organs are conflicting a further study was undertaken. Male 
albino rats, 45-50 g in weight, were fed on an iron-deficient diet; controls 
were given also ferrous sulphate. They were kept in newly galvanized 
cages and analysed when the iron-deficient animals became suitably 
anaemic. Haemoglobin was estimated as cyanmethaemoglobin and cyto- 
chrome c by the method of Rosenthal & Drabkin (1943). Recovery of 
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added cytochrome c¢ was greater than 90% and spectrophotometry re- 
vealed no absorption bands other than those of cytochrome c. 

The mean body weight (4 pairs of animals) of the iron-deficient group 
(mean Hb = 3-4g/100 ml.) was 142g and that of the controls (mean 
Hb = 13-4 g/100 ml.) was 172 g, but this difference was not significant, 
P > 0-05. The mean heart weight (0-781 g) of the iron-deficient animals 
was significantly greater than that of the controls (0-525 g), P < 0-01, 
despite the disparity in body weight. Histological examination with 
Oil Red O and Scarlet Red revealed no excess of fat in the hearts of 
the iron-deficient animals. 

The mean total cardiac cytochrome c of dis: iron-deficient animals 

(288 wg) was significantly greater than that of the controls (192 yg), 
P < 0-05, and the mean concentration was not significantly different in 
the hearts of the iron deficient (366 ug/g) and control (360 ug/g) group, 
P > 0-1. In skeletal muscle the mean cytochrome c concentration in 
the iron-deficient animals (30 ug/g) was significantly less than that of 
the controls (75 ug/g), P < 0-01, but the mean water content of this 
tissue was not increased significantly (75-7 and 73-8 % respectively), 
P > 0-1, The mean kidney and liver cytochrome c concentrations were 
not significantly reduced in the iron-deficient group. 

As the total cardiac cytochrome c increased proportionately with the 
heart weight in these anaemic animals, it is provisionally suggested that 
this represents a useful intracellular adaptation to iron deficiency. The 
organ presumably performing more mechanical work than usual (by 
analogy with cases of anaemia in man) is maintained in one of the substances 
necessary for the production of the energy required; the fact that skeletal 
muscle was not so affected supports this interpretation. The results are 
consistent with the view that cytochrome c may be rate-limiting under 
some circumstances (although this subject is controversial) and may be 
regarded as an ‘adaptive’ enzyme. 


| REFERENCE 
RosenTHat, O. & Drasxin, D. L. (1943). J. biol. Chem. 142, 417. 


Inhibition of some hepatic mechanisms by chronic biliary obstruc- 
tion. By W. H. H. Anprews and I. pet Rio Lozano. Depart- 
ment of Pharmacology, St Mary’s Hospital Medical School, London, W.2 


Ligature of bile ducts was carried out in rats either 40 min (acute 
obstruction) or 2-3 weeks (chronic obstruction) before an intravenous 
injection of sulphobromophthalein (BSP), 20 mg/kg weight. Experiments 
were performed under anaesthesia with ether and pentobarbitone. Blood 
was withdrawn by cardiac puncture 40 min after dye injection, and the liver 
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was then removed. The dye concentrations of liver and plasma were 
estimated colorimetrically and acetone extracts were subjected to paper 
chromatography. 

The plasma of all rats contained both unchanged and metabolized, 
probably conjugated, BSP, the proportion of metabolized being slightly 
greater in acute than in chronic obstruction. The concentration of dye in 
plasma was greater in acute obstruction. In the liver, the BSP present 
was nearly all metabolized and the amount present in acute obstruction 
was twice that present in chronic obstruction, although chronic ligation 
of the bile ducts produced a doubling of the liver weight. There therefore 
appeared to be failure of a mechanism which causes concentration of 
BSP by the liver. This was confirmed in vitro. 


Livers were perfused at 37° C with BSP in Ringer—Locke solution, and 


the clearance of dye was much less in chronic than in acute obstruction. 
It was also noted that the transudate escaping from the surface of the 
liver was of the same dye concentration as the hepatic venous outflow in 
chronic obstruction, whereas in acute obstruction the transudate was 
considerably more concentrated than the outflow. No difference was noted 
in the uptake of BSP by slices of liver from normal rats and from rats with 
obstructed bile ducts or by control and experimental livers perfused at 
room temperature. In another series of experiments (to be published) it 
has been shown that both slicing and cooling appear to inhibit a dye- 
concentrating mechanism normally present in the liver. 

In some rats the obstruction of the bile duct was released, and there was 
an immediate flow of bile. After acute obstruction, bilirubin and BSP were 
present in the bile but after chronic obstruction they were absent. Chronic 
_ obstruction of the bile duct therefore appears to inhibit a dye secretion 
and a dye concentrating mechanism (which may be related) but does not 
inhibit fluid excretion or greatly alter BSP metabolism. 


The work was supported by a grant from the Medical Research Council. 


The effect of back-pressure upon bile flow rate. By T. G. Ricuarps 
and J. Y. THomson. The Physiological Laboratory, University of 
Liverpool 

_ It is well known that, in the absence of the gall-bladder, if the common 
bile-duct is cannulated, bile will be secreted up a vertical tube. In the 
dog the flow of bile ceases at a height of about 30 cm above the hilum of the 
liver. It is also stated that the flow rate is unvarying until the height of 
the column is very near to the maximum, i.e. the ‘secretory pressure’. 

The statements above are found to hold only if the diameter of the 
tube employed is large, i.e. greater than 8-0 mm, with a control bile flow 
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rate of approximately 0-15 ml./min in the anaesthetized dog. If the 
diameter of the tube is approximately 2mm or 3 mm the rate at which 
bile rises in the tube is not constant. In such a case there is initially a 
rapid and almost linear decrease in rate, which is followed by a steady 
ascent at a reduced rate, and this rate is maintained until the column has 
risen almost to its maximum. | 

Experiments have been made in order to relate the pattern of change 
described above to (a) tubes of different diameter in the same animal, 
and (b) to varying degrees of induced choleresis in the same tube. 

The findings lead to the conclusion that the pressure-volume charac- 
teristics of the biliary tree play an insignificant part in the appearances. 
It seems that the rate of ascent of bile, and its relation to the rate of increase 
of some force which brings about the continued excretion of bile, is all- 
important. Where the tube is wide and ascent is slow, the necessary increase 
in ‘excretory force’ to raise the column one centimetre higher is attained 
in the time available; where time is insufficient for this, ascent of bile in 
the column decreases until its rate (in the tube employed) matches the 
rate of increase in excretory effort. 

If some progressive increase in secretory effort takes place in bees con- 
ditions, a further result may be expected in the case of bile flowing along a . 
horizontal tube placed in the plane of the hilum. In these conditions a 
pressure applied which is constant in value and acts against flow will lead 
first to a reduction of flow, then to a predictable rate of increase, and finally 
to a restoration of the control flow rate. This has been confirmed at: all 
applied pressures unless they were at or near to the ‘secretory pressure’. 

A simple model has been constructed which fulfils the requirements of 
the statement above, and which will give a good approximation to the 
in vivo results. 


Bile secretion in the conscious sheep. By F. A. Harrison* and K. J. 
Hi. A.R.C. Institute of Animal Physiology, Babraham, Cambridge 


By exteriorizing the bile flow from the gall-bladder to the arm of duo- 
denum, the method described by Hill & Taylor (1957) and Taylor (1960) for 
- the collection of pancreatic juice was modified to allow the collection of bile 
from the conscious sheep. During experiments in which consecutive 
hourly collections were made for 24-30 hr, bile from the gall-bladder was _ 
- allowed to drain freely into a container fastened to the animal’s side. 

Experiments on Clun Forest sheep, which received a daily ration of 
1000 g hay chaff and 200 g oats, showed that the volume and total solids 
- (TS) of the bile fell during the first 3 hr of collection and then continued 


* Aleen Cust Fellow. Royal College of Veterinary Surgeons. 
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at an average rate of 0-4 ml./kg/hr (TS 2-90 g/100 ml.). Emptying the 
reticulo-rumen reduced the secretory rate to 0-25 ml./kg/hr (TS 1-80 ¢/ 
100 ml.). 

The return of bile to the animal by continuous slow infusion into the duo- 
denum modified the secretory pattern. Thus when bile (TS 3-05 g/100 m1.) 
was infused at 30 ml./hr the decline in volume and total solids of the bile 
secreted during the first 3 hr was less than observed previously and there- 
after secretion continued at a higher level (0-62 ml./kg/hr, TS 3-75 g/100 ml.). 
This effect was dependent on the amount and TS of the bile returned and 
was probably attributable to its bile-salt content since a similar response 
was obtained by the infusion of a bile-salt preparation (Oxo Ltd., London). 
The marked drop in TS observed when bile was drained from the animal was 
therefore probably related to the removal of bile salts from the circulation. 

Although these experiments provided an indication of the secretory 
activity of the liver, TS of gall-bladder bile obtained at post-mortem was 
always greater than that of bile collected from the gall-bladder cannula, 
and it appeared that in this preparation there was partial interference 
with the concentrating capacity of the gall-bladder. The volume of bile 
which normally enters the duodenum is therefore likely to be less than that 
obtained during the present experiments. 
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Sweat gland failure on the body surface and on the forearm 
enclosed in an arm bag. By K. J. Coxtis and J. S. Werner. 
Medical Research Council Climate and Working Efficiency Unit, 
Department of Human Anatomy, University of Oxford 


Kccrine sweat glands exhibit a relatively high resistance to failure during 
continuous stimulation by low concentrations of acetylcholine (ACh), 
although high concentrations rapidly desensitize the glands (Collins, 
Sargent & Weiner, 1959). After 6 hr of thermal sweating the response to 
methacholine is reported to decrease (Thaysen & Schwartz, 1955) and this 
has been taken as evidence for ‘fatigue’ of the sweat glands. In the present 
experiments on seven subjects in environments of 46° C dry bulb/30° C 
wet bulb or 40° C dry bulb/32° C wet bulb, it was found that the sweat 
response to ACh did not decrease significantly, that sweat rate decreased 
by less than 30% of the initial maximum, and that skin and rectal 
temperatures increased steadily during 3-5 hr of heat exposure. The 
decline in sweating is enhanced by increasing the humidity of the environ- 
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ment when, at high rates of secretion, sweat drips unevaporated from the 
skin surface (Gerking & Robinson, 1946). 

A much more rapid failure of forearm sweating was, however, induced 
by enclosing the limb in an impermeable envelope. After 2-3 hr, sweating 
in the arm bag diminished by 70-100% (mean 92%) of the maximum 
output, while on the body surface the decrement was 11-27% (mean 19 %) 
after 3-4 hr. The response to ACh in the arm bag was also considerably 
reduced. Sweat gland activity recovered gradually when the arm bag was 
removed during heat exposure and a normal reaction to ACh could usually 
be elicited 1 hr after removing the arm bag in a cool environment. It can 
be shown that the higher skin temperature in the arm bag alone is not 
responsible for the pronounced depression in sweating. In the conditions 
of high humidity and high skin temperature which prevail in the arm bag, 
part of the sweat adhering to the skin is probably reabsorbed. The slight 
_ swelling of the forearm and the high osmotic pressure of sweat collected 
in arm bags (Weiner & van Heyningen, 1951) is evidence of this. One 
explanation for the failure of sweating in the arm bag may be that excessive 
hydration obstructs the sweat ducts. If this is so it would explain the 
more rapid onset of ‘fatigue’ in humid than in dry conditions. 
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Two-stage transfer of glucose by the intestine. By J. MaTtTHEws 
and D. H. Smytx. Department of Physiology, University of Sheffield 


Newey, Parsons & Smyth (1959) have shown that the main action of 
phlorrhizin on intestinal transport of glucose is to prevent entry of glucose 
into the cell from the mucosal side, and they have pointed out that this 
entry mechanism may include the active transfer mechanism, or alterna- 
tively there may be a separate mechanism for transfer distinct from the 
entry mechanism. Experiments have been undertaken to investigate 
these possibilities. The experimental device was the sac of everted 
small intestine of the rat (Wilson & Wiseman, 1954). The sacs. were filled 
initially with 1 ml. bicarbonate saline containing 500 mg glucose/100 ml., 
and suspended in 15 ml. of the same solution, and incubated for 1 hr 
aerobically, anaerobically or in the presence of phlorrhizin or dinitrophenol. 

The results of experiments with the middle part of the intestine were 
as follows, the terms used being those of Parsons, Smyth & Taylor (1959). 


Phlorrhizin (10-°m) abolished serosal transfer. It also nearly completely 
a3 
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abolished mucosal glucose transfer and gut glucose uptake. Anaerobic 
conditions and 2:4-dinitrophenol (2x 10-*m) both completely abolished 
serosal glucose transfer, but did not prevent entry of glucose into the cell 
from the mucosal side. Although this was reduced there was still a large 
gut glucose uptake, which is mostly due to metabolism. Hence the action 
of phlorrhizin differed from that of anoxia or dinitrophenol, in that it not 
only inhibited movement against a concentration gradient, but also 
prevented entry of glucose into the cell from the mucosal side. 

It is thus evident that since anoxia or a high concentration of dinitro- 
phenol do not prevent entry of glucose into the cell, the entry mechanism 
is not dependent on aerobically produced metabolic energy. The entry 
mechanism is, however, sensitive to phlorrhizin, and hence there must be 
a phlorrhizin-sensitive part of the mechanism involved in glucose transfer 
which is different from the part which is dependent on aerobic metabolic 
energy. The results do not prove that abolition of aerobic energy produc- 
tion may not have some effect on entry of glucose, nor that phlorrhizin 
has not also an effect on the energy-requiring mechanism, but they show 
that there must be two distinct mechanisms. 3 

Since the phlorrhizin-sensitive mechanism does not depend on metabolic 
energy, it could well be a facilitated diffusion, and possibly be concerned 
only with entry of glucose into the cell. For active transport against a 
concentration gradient a second stage is involved which requires metabolic 
energy, and it is this stage which is chiefly affected by anoxia and 
2:4-dinitrophenol. | 
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A description of cardiac pace-maker potentials based on the 
Hodgkin-Huxley equations. By D. Nosie*. Department of 
Physiology, University College London 


At a previous meeting of the Society it was shown (Noble, 1960) that the 
quantitative formulation of the ionic hypothesis given by Hodgkin & 
Huxley (1952) to describe the action potential in squid nerve requires 
only small modifications to make it applicable to the much longer-lasting 
action potentials of cardiac muscle. The equations used to describe the 
sodium current closely resembled Hodgkin & Huxley’s, those for h (the 
variable describing the availability of sodium carriers) being based on 
Weidmann’s (1955) experiments on Purkinje fibres. The potassium current 
equations were based on Hutter & Noble’s (unpublished) measurements 
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of the voltage—current relations of Purkinje fibres in Na-deficient solutions. 
They found that the potassium conductance falls when the membrane is 
depolarized, but that part of this fall is transient. To describe this behaviour, 
two sets of equations were used. One was a simple empirical equation 
describing an instantaneous fall in conductance on depolarizing the 
membrane. The other was a modification of Hodgkin & Huxley’s equations 
for delayed rectification in which both the magnitude of the conductance 
increase and the speed of onset were made very small. In these equations 
there is one potential at which the steady-state sodium and potassium 
currents are equal and opposite. If its value is high enough it forms the 
resting potential and the ‘membrane’ is stable unless excited. 

It will now be shown that by inserting appropriate values for the con- 
stants in the equations for m (the variable describing the activation of 
sodium carriers) the system may be made unstable in diastole and pace- 
maker activity then occurs. The behaviour of this computed pace-maker 
has been tested by observing the effect of increasing the ‘potassium’ 
conductance and also by adding various degrees of ‘anion’ conductance, 
the anion equilibrium potential being set below the maximum diastolic 
potential (Hutter & Noble, 1959; Lamb, 1960) at —60 mV. ve: 

A small increase in ‘potassium’ conductance is sufficient to arrest 
activity completely, which is in accordance with the extreme sensitivity 
of the natural pace-maker to the increase in potassium conductance pro- 
duced by acetylcholine (Hutter & Trautwein, 1956). The effect produced 
by adding an ‘anion’ conductance depends greatly on its magnitude: 
0-075 m-mho produces a 50% incredse in frequency but has only a small 
effect on the maximum diastolic potential and, although the action potential 
is shortened, its general form is unaltered. 0-2 m-mho greatly increases 
the frequency of the pace-maker, reduces the maximum diastolic potential 
and abolishes the overshoot of the action potential. This closely resembles _ 
the long-term effect of nitrate ions on the ectopic pace-maker in Purkinje 
fibres (Hutter & Noble, 1959). By contrast, 0-4 m-mho stops pace-maker 
activity completely, which may be compared to the arrest of spontaneously 
beating Purkinje fibres produced by iodide ions (Hutter & Noble, 1959). 
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The influence of barbiturate on thyroxine binding by serum 
proteins. By W. E. Batrour and H. E. Tunniciirre. Physiological 
Laboratory, University of Cambridge 

Using paper electrophoresis and a barbiturate buffer, Gordon, Gross, 
O’Connor & Pitt-Rivers (1952), found that in human serum thyroxine is 
bound to a post-albumin protein fraction (T.B.P.) whose rate of migration 
is between those of the «, and «, globulins. Ingbar (1958) in similar 
experiments but with tris-maleate buffer and Balfour & Tunnicliffe (1959) 
with borate-phosphate buffer and zone electrophoresis on cellulose columns 
found that three thyroxine-binding zones are clearly differentiated. In 
addition to T.B.P. and albumin a fast-moving pre-albumin zone was shown 
to bind thyroxine. 

Now, a comparison has been made between the thyroxine distributions 
seen after zone electrophoresis on cellulose columns when either borate- 
phosphate or barbiturate buffers at pH 8-6 were used. With each buffer 
we find that pre-albumin can be easily separated and it is present in human 
serum at a concentration of ~ 25 mg/100 ml. In the presence of barbitu- 
rate buffer a very small, but measurable, amount of thyroxine is bound 
to the pre-albumin. On the other hand, in borate-phosphate a large 
fraction of the thyroxine is pre-albumin-bound. When this pre-albumin- 
bound thyroxine is dialysed against barbiturate buffer the eee is 
released from the protein. 

Tata & Shellabarger (1959) have shown that when duck serum is sub- 
jected to paper electrophoresis in barbiturate buffer, added thyroxine is 
bound by the albumin and a post-albumin (T.B.P.) is not evident. We 
have confirmed this observation by zone electrophoresis on a cellulose 
column with barbiturate buffer. With borate-phosphate buffer, however, 
a large fraction of the thyroxine migrates with the pre-albumin protein 
zone. Since the amount of pre-albumin separated was the same with 
each buffer, we conclude that barbiturate interferes with thyroxine 
binding by pre-albumin. 
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Leptomeningeal collateral circulation in Macacus rhesus. By 
L. Symon. The National Institute for Medical Research, mer Hill, 
London, N.W.7 


In macaque monkeys anaesthetized with sodium shicniinsene lepto- 
meningeal collateral circulation was studied by injecting ®*P-labelled red 


_ eells into the right carotid circulation, and observing their passage through 


an area of right parietal cortex with a probe counter before and after 
occlusion of the right middle and anterior cerebral arteries. ; 

After the middle cerebral artery was occluded there was at first little 
evidence of flow. During this initial period, however, division of a small 
pial artery resulted in a free though slowed flow of blood. This is in agree- 
ment with findings of Petersen & Evans (1937) and Meyer (1958). When 
observations were repeated at intervals during the next 3 hr, collateral 
flow was seen, in a number of animals, to develop gradually via the ipsi- 
lateral anterior cerebral artery. Such collateral flow developed promptly 
after middle cerebral occlusion if both vertebral arteries had been ligated 
1-2 hr previously. 

The poor collateral flow immediately after middle cerebral artery 
occlusion was not seen in corresponding experiments on dogs (Symon, 
1959). Anatomical differences in the course of the anterior cerebral arteries 
of these two species may account for this.. Partly, however, it seems to 
result from transient spasm which is known to occur on manipulation of 
the basal vessels (Harvey & Rasmussen, 1951). In the present experiments, 
the reduction in calibre of these vessels when pronounced, could be seen 
by naked eye. When not so pronounced, it could be detected by reduction 
in trace height and slight delay in the arrival of labelled red cells injected 
shortly after the release of a temporary occlusion of the middle cerebral 
artery. The spasm disappeared in from 25 to 40 min. © 

After the middle and anterior cerebral arteries were occluded no flow 
could be detected in the observed cortical area from carotid injection. In 
a few experiments, however, in which the labelled red cells were injected 
directly into the right’ vertebral artery, clear evidence of flow was obtained, 
indicating that residual flow after middle and anterior cerebral occlusion 
arose at least in part from the vertebro-basilar circulation. 

Perfusion from the aorta with carmine gelatine confirmed these findings. 
After clipping the middle cerebral artery, there was little reduction in 
the intensity of perfusion of the ipsilateral cortex, or basal ganglia. When 
its perforating branches, however, were occluded in addition by diathermy, 
the greater part of the head and body of the caudate nucleus and the 
putamen of the lentiform nucleus failed to be perfused. On the other hand, 
the globus pallidus and tail of the caudate nucleus remained well perfused, 
which is in contrast to the findings in dogs (Symon, 1959) and is explained 
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-by the fact that in macaques the anterior choroidal artery, supplying 
these areas, springs from the internal carotid artery. 
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Potassium and hydrogen-ion content of histamine-stimulated 
gastric secretion in the cat. By E. L. Buam, A. A. Harpzr, 
D. Harris, J. D. Reep and R. Wirxinson. Department of Physiology, 
Medical School, King’s College, University of Durham, Newcastle upon 
Tyne 


It has been claimed that there is no correlation between the potassium 
and hydrogen-ion concentrations of histamine-stimulated gastric secretion 
in man (Werther, Parker & Hollander, 1960) and in dogs (Hollander & 
Colcher, 1960). From these observations it has been concluded that the 
secretion of hydrochloric acid and of potassium ions are independent 
processes. The present results were obtained on cats, anaesthetized with 
chloralose and with the vagus and splanchnic nerves cut. 

The stomach was intubated via the oesophagus and the pylorus occluded. 
Fifty ml. of a glycine solution (0-3 osmolar and pH 6-2) were run into the 
stomach and histamine acid phosphate given by slow intravenous injection. 
The glycine solution was replaced at intervals and the outputs of hydrogen 
and potassium ions were estimated by electrometric titration to pH 6-2 
and by flame photometry respectively. In a number of experiments, to 
eliminate contamination by oesophageal or pyloric secretions, the glycine 
solution was confined to the acid-secreting area of the stomach by ligatures 
at the cardia and at the junction of the body and pyloric antrum. This 
modification did not affect the pattern of the results. 

A highly significant positive correlation was found between the total 
outputs of potassium and hydrogen ions in secretory responses lasting 
1-2 hr (r = 0-935, P < 0-001). As the evidence for the lack of correlation 
of the concentrations of potassium and hydrogen ions in histamine- 


stimulated gastric secretion in dog and man is greater at the beginning and . 


end of the histamine response (Colcher & Hollander, 1959; Riddell, Strong 
& Cameron, 1960), the outputs of these ions in successive 10 min or 15 min 
periods have been analysed. Significant positive correlations were observed 
between potassium and hydrogen-ion output when the secretory response 
was well established and when it had fallen to low levels. At the beginning 
of the response the ratio of potassium to hydrogen was greater, and in the 
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period after the cessation of histamine injection it was less, than during 
the remainder of the response. 

The correlation between the outputs of potassium and hydrogen ions 
when the secretory response is well established supports the view that 
there is a constant ratio of potassium and hydrogen ions in the primary 
acid secretion in response to histamine stimulation. It is possible to advance 
a hypothesis to explain the increased ratio of potassium output to 
hydrogen-ion output which occurs at the beginning of the response and the 
decreased ratio which occurs after the cessation of the histamine injection. 


REFERENCES 


CoLcHEerR, H. & HoLtitanpeEr, F. (1959). Amer. J. Physiol. 197, 1070-1074. 

HOLLANDER, F. & CotcHer, H. (1960). Amer. J. Physiol. 198, 729-736. 

RipDELL, M. J., Strone, J. A. & Cameron, D. (1960). Quart. J. exp. Physiol. 45, 1-11. 
Wertuer, J. L., Parker, J. G. & HoLLANDER, F. (1960). Gastroenterology, 38, 368-373. 


Acetylcholine in regenerating motor nerves. By J. Dramonp and 
C. A. N. Evans. Department of Physiology, University College London 


Lumbosacral ventral roots of anaesthetized cats were crushed intra- 
durally under aseptic conditions. Two to twenty days later the regenerating 
roots (length 3-44 cm) and normal ones of the opposite side were re- 
exposed and transferred to oxygenated buffered physiological saline. With 
a multi-blade knife the roots were cut into 5mm portions whose acetyl- 
choline (ACh) content was assayed, after a conventional trichloroacetic 
acid extraction, on the blood pressure of an anaesthetized eviscerated 
cat. The ACh content per 5 mm length (120-1150 pmoles, equivalent 
to about 24 wg ACh chloride/g wet tissue) was approximately constant 
over the normal and the proximal regenerated portion of the roots; 
ACh was not detected at the distal end of roots in experiments with 
short regeneration intervals (8-13 days). The transition between normal 
ACh content and very low or non-detectable content usually occurred 
over 5mm length, at a distance from the crush which approximated to 
that predicted for maximum regeneration. 

The effects of K+-rich solutions (50-100 mm K+) on ACh release from 
ventral roots have been investigated: such solutions had little or no effect 
on the relatively large spontaneous diffusion of ACh from normal roots; 
they did cause a release of ACh from si cose fibres, whose resting 

output of ACh was very low. 
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Corticofugal discharges evoked by surface-anodal and surface- 
cathodal stimulation of the baboon’s brain. By J. E. C. Hzrn,* 


S. Lanperen,t and C. G. PHILLIPs. University Laboratory of — 


Physiology, Oxford 


In lightly anaesthetized baboons the pia-covered Rolandic cortex was 
stimulated with measured rectangular currents, using a ball-pointed focal 
electrode and a distant earth electrode, both non-polarizable. Synaptic 
potentials, recorded intracellularly from ulnar, median and radial moto- 
neurones of (7 and C8 segments, were thétindex of corticofugal discharge. 
Stimulation was always well below threshold for firing the motoneurones 
unless these were already depolarized by injury. The actions of surface 
anodal (S+) and surface cathodal (S—) stimuli were compared. 

With S+ shocks of 5-0 msec duration the threshold for minimal synap- 
tic action ranged from 0-1 to 0-7 mA for different motoneurones. Depolari- 
zation reached its peak about 8-0-10-0 msec from the beginning of the 
shock. With stronger shocks this peak was larger. Depolarization started 


about 2-5 msec from the beginning of the shock. For motoneurones whose © 


cortical 8+ threshold was low, the S— threshold was always higher and 
the S— latency longer. When weak S+ shocks were repeated at 50 c/s, 
the synaptic potentials followed them without increasing in size and no 
synaptic action outlasted the stimulation period. With repetitive S— the 
synaptic potentials usually did grow, and an irregular synaptic activity 
often continued after the shocks had ceased. These results show that S + 
is a more direct excitant of pyramidal neurones, and that S— probably 
excites them by an intracortical system showing temporal summation 
and after-discharge. 

Brief (0-2 msec) 8+ pulses had to be stronger than 5-0 msec pulses to 
produce equivalent depolarization. The latency was still about 2-5 msec, 
but the rising phase was now similar to that of the monosynaptic potential 
evoked by stimulation of Group Ia afferents to the same motoneurone. 
These potentials followed repetitive cortical stimulation at 420 c/s. The 
earliest positivity in the pyramidal tract at C8 level, which presumably 
preceded the arrival of the earliest pyramidal impulses, was 1-5—1-7 msec. 
Thus, although the arrival of those impulses which actually generated these 
synaptic potentials cannot be timed, it is concluded that this excitatory 
pathway is monosynaptic (Bernhard, Bohm & Petersen, 1953). 

Inhibitory polarization has often followed the crest of the initial ex- 
citatory depolarization in response to single brief anodal shocks. Its 
latency was 3-5-4-0 msec from the start of the shock. Inhibition was best 
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seen, however, when four or five such shocks were given at 200 c /s. The 
- successive troughs of inhibitory polarization were then larger. The pro- 
portion of excitatory and inhibitory action was different when different 
cortical loci were stimulated. From some cortical sites an almost pure 
inhibitory polarization was evoked. 
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Sensitivity to motion on a parallel swing of deaf children, of 
paraplegic patients and of normal subjects submerged in 
water. By E. G. Watsn. Department of Physiology, University of 
Edinburgh 


Repetitive activity of muscle in the forelimb of the frog. By 
D. V. Roperts. Physiological Laboratory, University of Liverpool 


The flexor carpi radialis muscle in the male frog is larger than the corre- 
sponding muscle in the female, the difference in size probably being related 
to its participation in the clasp reflex. In addition to the size difference 
between the muscles in the two sexes, there appears to be in the male a 
specialization of function in the muscle fibres of the flexor carpi radialis. 

Contractions of the flexor carpi radialis muscles from both male and female 
_ frogs, and of the gastrocnemius muscle from male frogs, in response to 
indirect electrical stimulation have been recorded with an RCA transducer 
valve and cathode-ray oscilloscope, and certain differences in function | 
between the male flexor carpi radialis and the other muscles named have 
been observed. The duration 6f contraction in the male flexor carpi 
radialis was longer than in the other muscles tested, and this difference 
was increased after brief motor nerve tetanization, when the shape of the 
myogram suggested the existerice of two phases of activity, a fast response 
lasting approximately 4 sec and a slow response lasting approximately 
14 sec. The slow response was found to be facilitated by repetitive stimula- 
tion at. 1-2 sec intervals and when tested at less frequent intervals, the 
facilitatory effect of previous tetanization declined over a period of 
approximately 10sec. After neuromuscular block with curare, direct 
electrical stimulation of small groups of muscle fibres (one to five in number) 
in the male flexor carpi radialis produced the slow type of response after 
each stimulus. Electromyographic recording from the surface of this 
muscle showed that the prolonged contraction was associated with repeti- 
tive action potentials in the muscle fibres in response to single electrical — 
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stimuli applied indirectly to the motor nerve, or directly to the muscle . 
fibres themselves after the neuromuscular junctions had been blocked with 
curare. Intracellular recordings from single muscle fibres with glass 
capillary micro-electrodes confirmed the occurrence of repetitive firing 
after direct electrical stimulation, and showed that the action potentials 
arose from a maintained depolarization of the muscle membrane of about 
30 mV, 

It appears from these results that there exists in the membrane of the 
male flexor carpi radialis muscle fibres a specialized mechanism acting to 
amplify the effect of nerve activity on the contractile mechanism of the 
muscle fibres. 


Contrast between the growth of embryonic chick and rat bones 
cultivated on a natural gnd a chemically defined medium. 
By J. D. Biecers, R. B. L. Gwatxin and Susan Heyner. The 
Wistar Institute, Spruce, Philadelphia 4, Pa., U.S.A. 


Osmotic regulation of gastric emptying. By J. N. Hunt. Physio- 
logical Laboratory, Guy’s Hospital, London, S.E. 1 


Observations on the action of the anterior lobe of the cerebellum 
on static and dynamic stretch reflexes. By I. Catma and 
G. L. Kipp. Department of Physiology, University of Liverpool 
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Arterial muscle, noradrenaline action 
affected by initial length of (sheep), 15 

Arteries, external pressure effect on 
‘hardened’ (man), 17P 

Azide, uterine segments active ion trans- 
port affected by (rabbit, cat), 448 


Barbiturate, thyroxine binding by serum 
proteins affected by (man, duck), 66 P 
Bicarbonate, recovery of uterine segments 
exposed to cold affected by (rabbit), 436 
Bile, secretion in conscious animal of (sheep), 


Bile flow, back-pressure effect on rate of 
(dog), 60P 

Biliary obstruction, inhibition of some 
hepatic mechanisms by chronic (rat), 
59P 


Binocular stimulation, single-unit activity 
_in lateral geniculate body affected by 
(cat), 211 


Blood, antihistamine extracts from buffy 
coat of (horse), 462 
Blood flow, milk secretion by isolated 
perfused mammary gland affected by 
rate of (goat), 554 
Blood lactate, hypoxia effect on new-born 
(rat), 160 
Body composition, fasting and refeeding 
effect on (rat), 235 
Body size, metabolic rate in young affected 
by (pig), 408 
Body temperature, body fat effect on cold 
and warm water action on (man), 334 
Body water, measurement by tritium of 
total (mammal), 169 . 
Bone growth, quantitative effects of p- 
aminopropionitrile on (rat), 46P 
Bradykinin, vasodilator action of (man), 
16P 
Brain, arterial anastomoses in (dog), 10 
corticofugal discharges evoked by surface- 
anodal and -cathodal stimulation of 
(baboon), 70P 
insulin and glucose effects on heat pro- 
, duction and blood flow in (monkey), 26 
Brain extracts, ether-soluble active lipid 
in (rabbit), 40P 
Bronchoconstriction, histamine-induced 
(man) (T), 6P 
Buffy coat, antihistamine activity of 
extracts of‘ (guinea-pig), 464 


Caeruloplasmin, 5-HT oxidation by (pig), 
599 

Capsaicine, pulmonary arterial baro- 
receptors affected by (T), 8P 

Cardiac pace-maker potentials, descrip- 
tion based on Hodgkin—Huxley equa- 
tions of, 64P | 

Central inhibition, latency of, 29P 

Cerebellum, static and dynamic stretch 
reflexes affected by anterior lobe of (T), 
72P 
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Cerebral arteries, anastomoses between 
(dog), 5 
Cerebral cortex, arterial anastomoses in 
(dog), 5 
insulin and glucose effects on heat pro- 
duction and blood flow in (monkey), 30 
temperature change effect on (rat), 33 P 
Cerebral ventricle, abolition and initia- 
tion of tremor by drugs injected into 
(cat), 34P 
Chemoreceptor impulse activity, pH 
and pCO, effect on (cat), 7P 
Chemoreceptors, cardiovascular responses 
to systemic hypoxia and role of (dog), 
6P 
Chloride, end-plate current equilibrium 
potential affected by (frog), 61 
giant axon permeability to radioactive 
(squid), 184 
Cholesterol, thyroxine effect on synthesis 
by cell-free fractions of liver of (rat), 
145 
Cold, new-born metabolic response to (rat), 
154 
Colour, retinal receptive fields for (spider 
monkey), 574 
Cutaneous nerve, interneurones mono- 
synaptically activated by (cat), 103 
Cyanide, uterine segments active ion trans- 
port affected by (rabbit, cat), 447 
Cytochromec, ion deficiency effect on heart 
and skeletal muscle (rat), 58P 


Dark adaptation, single unit response in 
optic lobe to (locust), 480 

Decamethonium, skeletal muscle fibres 
with multiple innervation affected by 
(birds), 592 

Decerebrate preparation, reflex activation 
of cholinergic vasodilator fibres to 
muscle in (cat), 504 

Defence reaction, active muscle vasodila- 
tation produced by brain stem stimula- 
tion and (cat), 490 

Deoxynucleosides, erythrocyte active po- 
tassium transport affected by (man), 
607 

Diaphragm, potassium in different layers 
of isolated (rat), 133 

Dinitrophenol, uterine segments active 
ion transport affected by (rabbit, cat), 
449 

Disaccharides, small intestine absorption 
of (rat), 39 

Dopamine, noradrenaline content of tissues 
after reserpine affected by (cat), 281 


Ectopic pace- maker, mechanism in anoxic 
heart for (rat), 9P 


SUBJECT INDEX 


Embryonic bone, contrast between growth 
on natural and chemically defined 
medium of chick and rat (T), 72P 

Emphysema, blood CO, dissociation curves 
in (man) (T), 54P 

End-plate membrane, permeability dur- 
ing transmitter action at (frog), 52 

Energy expenditure, fasting and refeeding 
effect on (rat), 223 

Eosinophil count, spinal transection effect 
on (man), 249 

Erythrocytes, nucleosides and deoxy- 
nucleosides action on active pctassium 
transport by (man), 607 

permeability to adenine and hypo- 
xanthine and their ribosides of (man), 
613 

Exercise, body temperature in cold water 

affected by (man), 337 

pulmonary capillary blood volume and 
membrane diffusion component mea- 
surement during (man), 13P 

Extensor motoneurones, recurrent in- 
hibition in relation to firing frequency 
and discharge rate limitation of (cat), 
308. 


Fasting, total metabolism during (rat), 219 

Fatty acids, thyroxine effect on synthesis 
by cell-free fractions of liver of (rat), 
145 

Feeding, abomasal secretion affected by 
(sheep), 117 

Fluoride, uterine segments active ion 
transport affected by (rabbit, cat), 451 

Forelimb, repetitive activity of muscle in 
(frog), 71P 

Frogmen, physical and physiological prin- 
ciples in design of breathing apparatus 
for (T), 6P 


_ Fructose, small intestine absorption of 


(rat, guinea-pig), 47 
Fundic pouches, feeding responses before 
and after isolation of innervated antrum 
in separated (dog), 53P 


Gastric emptying, osmotic regulation of 
(T), 72P 
simple molecules and ions effect on rate of 
(man), 254 
Gastric secretion, hyperglycaemia in- 
hibition of vagally induced (dog), 4P 
potassium and H+ ion content of hist- 
amine-stimulated (cat), 68 P 
Gastric ulceration, neurological and 
hormonal mechanisms involved in 
experimental (rat), 56P 
Gastrin, further purification of and secre- 
tory response to (man), 52P 
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SUBJECT INDEX 


Gastrointestinal osmoreceptors, site of 
(man), 270 
Giant axon, permeability to radioactive 
potassium and chloride of (squid), 177 
Glucose, brain heat production and blood 
flow affected by (monkey), 26 
milk secretion by isolated perfused 
mammary gland affected by (goat), 555 
salts action on gastric emptying affected 
by (man), 257 
two-stage transfer in intestine of (rat), 
63P 
Glycerol, gastric emptying affected by 
(man), 2 


Habituation, cerebral lesions effect on (T), 
4P 

Heart rate, ventricle repolarization affected 
by (frog), 394 

Heat loss, body fat effect on cold and warm 

_ water action on (man), 329 

Histamine, central nervous effects in 

protected animals of (guinea-pig), 469 
uterus content of (man), 417 

Histamine aerosol, buffy-coat and oak 
gall extracts protection against (guinea- 
pig), 461 


Hyaluronidase, antidiuretic of | 


urine and (man), 378 
Hydroxytryptamine, enzymic oxidation 
by serum of (pig), 598 
Hypervitaminosis A, bone strength and 
calcium retention in (rat), 45P 
Hypothalamus, active muscle vasodilata- 
tion on stimulation of (cat), 492 


Hypoxanthine, erythrocyte uptake of 
(man), 616 
Hypoxia, chemoreceptors role in cardio- 
vascular responses to systemic (dog), 
6P 
new-born oxygen consumption affected by 
(rat), 158 


potassium distribution in diaphragm 
affected by (rat), 135 


Ileum, buffy-coat and oak gall extracts 
effect on sensitivity to histamine of 
(guinea-pig), 464 

Inhibitory post-synaptic potential, 
latency and time course of inhibition 
of monosynaptic reflexes correlation 
with motoneurone (cat), 354 

Inhibitory synapses, synaptic delay at, 
30P 

Inosine, erythrocyte uptake of (man), 614 

Insulin, abomasal secretion affected by 
(sheep), 122 

brain heat production and blood flow 
affected by (monkey), 26 


_Lumbosacral cord, neurone types in and 


Intercostal muscle, electrophysiological 
properties of (man), 601 
Intermediate nucleus, neurone types in 

and around (cat), 89 
Interneurones, types in lumbosacral cord 
of (cat), 89 
Intravascular pH, device for continuous 
measurement and recording of (T), 55P 
Iodoacetate, adenine uptake by erythro- 
cytes affected by (man), 619 
uterine segments active ion transport 
affected by (rabbit, cat), 451 

Ion exchanges, localization in uterine 
segments of (rabbit), 429 
Iron deficiency, cytochrome c content of 
_ heart and skeletal muscle in (rat), 58P 


Kidney, oestrogen and progesterone action 
on inulin and PAH clearances in (rat), 
42P 


Lactic acid, nucleosides and erythrocyte 
production of (man), 607 
Lactate, small intestine absorption of sugars 
and production of (rat), 46 
Lateral geniculate body, 
activity in (cat), 206 
Lateral geniculate neurones, synagitio 
potentials, after-potentials and slow 
rhythms of (cat), 513 
Leptomeningeal collateral circulation, 
extent of (dog), 1 
Leptomeninges, collateral circulation in 
(Macacus rhesus), 67P 
Light adaptation, single-unit response in 
optic lobe to (locust), 480 
Light intensity, single-unit activity in 
lateral geniculate body affected by 
(cat), 208 
Liver, thyroxine effect on cholesterol and 
fatty acids synthesis by _ cell-free 
fractions of (rat), 145 
Locust, single-unit discharges in optic lobe — 
of, 478 


single-unit 


around intermediate nucleus of (cat), 89 
Lund, instruments and appliances recently 
designed and made at University of (T), 

2P 
Lung, bradykinin effect on isclated perfused © 
(dog), 57P 
radioactive carbon dioxide uptake by 
(man), 12P 
smooth muscle activity in (frog) (T), 57P 
ventilation under standardized breathing 
conditions of (man) (T), 5P 
Lysergic acid diethylamide, lateral gen- 
iculate neurones synaptic and after- 
potentials affected by (cat), 525 
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Xxiv 
Mammary glands, androgens and oestro- 
gens effect after hypophysectomy and 
injected thyroxine, insulin and cortisone 
on (rat), 3P 
factors affecting milk secretion by isolated 
perfused (goat), 546 
Mesencephalic lesions, active muscle 
vasodilatation induced by hypothalamic 
stimulation affected by (cat), 509 
Mesenteric arterial strip, tension— 
length curves of resting (sheep), 17 
Metabolic rate, body fat effect on cold and 
warm water action on (man), 329 
body size, temperature and age effect in 
young on (pig), 408 
Metabolism, fasting and refeeding effect 
on (rat), 219 
Micro-incineration technique, cytological 
_ investigations and (T), 57P 
Mid-brain, active muscle vasodilatation on 
stimulation of (cat), 492 
Milk, factors affecting production by iso- 
lated perfused mammary gland of 
(goat), 546 
Miniature end-plate potentials, inter- 
costal muscle fibres showing (man), 602 
Monosynaptic discharges, method of 
recording effect of conditioning volleys 
on (T), 5P 
Monosynaptic patterns, motoneurones 
regenerated to antagonistic muscles and 
changes in (cat), 68 
Monosynaptic reflexes, inhibitory post- 
synaptic potential of motoneurones 
correlation with latency and time 
course of inhibition of (cat), 354 
Motoneurones, anaesthetics effect on hind 
limb gamma (rat), 24P 
changed monosynaptic patterns after 
regeneration to antagonistic muscles 
of (cat), 68 
latency and time course of inhibition of 
monosynaptic reflexes correlation with 
inhibitory post-synaptic potential of 
(cat), 354 
conciia excitation in reflex action of (cat), 
288 
Motor nerves, acetylcholine in regenera- 
ting (cat), 69P 
Multiple innervation, properties of skeletal 
muscle with (birds), 580 
Muscle afferent fibres, interneurones 
monosynaptically activated by (cat), 91 
Muscle spindles, classification of endings 
of (cat), 25P 
tandem (cat, frog), 23P 
Myocardium, blood flow in (rabbit), 8P 
Myometrium, ion exchanges in cold of 
429 


SUBJECT INDEX 


Myometrium, staircase effect shown by 
(mammal), 48 P 


Nephrogenic diabetes insipidus, hyal- 
uronidase and antidiuretic activity in 
urine following vasopressin injection 
into (man), 381 

Nerve block, sodium-deficient solutions 
producing differential (cat), 41 P 

Nerve cross-union, changed monosynap- 
tic patterns on motoneurones after (cat ), 
68 

Neuromuscular junction, intracellular 
recording from muscle with multiple 
(birds), 582 

permeability during transmitter action at 
(frog), 52 
properties of regenerating (frog), 190 

New-born, adrenaline and noradrenaline 
stimulation of heat production in (cat), 
49P 

body size and temperature effect on 
metabolic rate of (pig), 408 

hyaluronidase and antidiuretic activity 
of urine in (man), 381 

oxygen consumption of (rat), 153 | 

Nitrogen exchange, fasting and refeeding 
effect on (rat), 229 

Non-corrodable valve, automatic control 
of flow of physiological fluids by (T), 
56P 

Non-myelinated fibres, choline esters and 


other parasymp i ti drugs act- 
ion on (rabbit), 35 P 
Noradrenaline, arterial strip resting 


length effect on action of (sheep), 20 
dopamine and effect after 
reserpine on tissue content of (cat), 281 
Nucleosides, erythrocyte active potassium 
transport affected by (man), 607 
Nystagmoid responses, rotational stimuli 
about vertical and rolling axes produc- 
ing (man), 32P 3 


Oak gall, antihistamine activity of extracts 
of (guinea-pig), 469 

Optic lobe, single-unit discharges in 
(locust), 478 

Optic nerve fibres, ‘ainaeiee fields of 
(spider monkey), 571 

Optic radiation, after-potentials recorded 
in (cat), 519 

Optic tectum, representation of visual 
field on (frog), 31P 

Osteoclast, electron microscope studies of 
(T), 57P 

pinocytosis in vitro of (F), 57P 

Ouabain, uterine segments active ion trans- 

port affected by (rabbit, cat), 452 
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SUBJECT INDEX 


Oxygen consumption, body size, tem- 


perature and age effect in young on. 


milk secretion by isolated perfused mam- 
mary gland and (goat), 563 


Parallel swing, deaf children, paraplegic 
patients and normal subjects in water 
sensitivity to motion on (T), 71P 

Parathyroid hormone, avian bone in 
tissue culture affected by (T), 57P 

Pentobarbital, uterine segments active ion 
transport affected by (rabbit, cat), 448 

Phosphate, milk casein from isolated per- 
fused mammary gland affected by 
(goat), 561 

Phrenic-nerve diaphragm, age relation 
to response to drugs in young (rat), 56P 

Plasma _ catecholamines, spinal tran- 
section and adrenalectomy effect. on 
(man), 244 

Plasma kinin, ¢-amino caproic acid and 
related compounds formation of (man), 
19P 

intrinsic forming factors in plasma of 
(man), 20P 

Post-tetanic delayed depression, lateral 
geniculate neurones synaptic and after- 
potentials affected by (cat), 527 

Potassium, end-plate current equilibrium 
potential affected by (frog), 60 

giant axon permeability to radioactive 
(squid), 177 

isolated diaphragm different layers con- 
taining (rat), 133 

maximum activation of contractile 
mechanism in skeletal muscle by 
(frog), 345 

uterine segments reversible loss in cold of 
(rabbit, cat), 426 

ventricle action potential affected by con- 
centration of (frog), 394 

Pregnancy, uterus histamine content 
affected by (man), 418 

Progesterone, metabolism by new-born 
liver homogenates of (mouse), 47 P 

Prostigmine, method for estimating in 
urine and (T), 56P 

ilmo lar bed, input impedance 
of (rabbit), 18P 

Pyrogen, interaction with leucocytes and 
plasma of bacterial (rabbit), 22 P 


Radioactive phosphorus, milk secretion 
by isolated perfused mammary gland 
and incorporation of (goat), 561 

Recurrent inhibition, firing frequency and 
discharge rate limitation of extensor 
motoneurones relation to (cat), 308 


XXV 


Recurrent inhibition, surplus excitation 
in reflex action of motoneurones mea- 
sured by (cat), 288 

Regenerating neuromuscular synapse, 
properties of (frog), 190 

Reserpine, inhibition of catecholamines 
uptake in brain tissues by (cat), 37P 

noradrenaline content of tissues ‘after 
dopamine and t-DOPA affected by (cat), 
281 

Retina, receptive field areas of ganglion cells 

and position in (spider monkey), 573 


Salts, gastric emptying affected by various 
(man), 256 

Schwann cell, regenerating neuromuscular 
synapse and action of (frog), 201 

Semicarbazide, retardation of rapid growth 
in yellow peas by, 2P 

Sham feeding, abomasal secretion affected 
by (sheep), 119 


Skeletal muscle, electrophysiological pro- 


perties of (man), 601 
maximum activation of contractile 
mechanism by potassium 
in (frog), 345 
properties of multiply innervated (birds), 
580 
sucrose-gap method of recording mem- 
brane potential in (T), 1P 
volume changes in active (frog), 14P 
Skeletal muscle vasodilatation, hypo- 
thalamic and mid-brain stimulation 
causing (cat), 492 
Slow geniculate rhythms, factors affecting 
(cat), 530 
Small intestine, sucrose, maltose and 
higher oligosaccharides absorption from 
(rat), 39 
Sodium, end-plate current equilibrium 
potential affected by (frog), 56 
gastric emptying affected by salts of 
(man), 256 
recovery of uterine segments exposed to 
cold dependence on (rabbit, cat), 432 
relation of metabolism of uterine segments 
to excretion of (rabbit, cat), 445 
selective appetite for (sheep), 51 P 
uterine segments reversible uptake in 
cold of (rabbit, cat), 426 
ventricle ‘action potential affected by 
concentration of (frog), 392 
Spinal cord, presynaptic inhibition in, 
28P 
Spinal neurones, types of (cat), 89 
Spinal transection, plasma catecholamines 
affected by (man), 246 
Starch, gastric emptying affected by (man), 
271 
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Xxvi 

Starch hydrolysate, small intestine ab- 
sorption of (rat), 41 

Stomach movements, simultaneous re- 
cording of flow of digesta through 
duodenum and (ruminants), 55 P 

Stretch receptors, stretch effect on 
tension and rate of discharge of 
(crayfish), 27P 

Stretch reflex, recurrent inhibition action 
in (cat), 292 

Submaxillary gland, secretion after 
partial post-ganglionic denervation of 
(cat), 1P 

Sucrose, small intestine absorption of (rat), 
39 

Superior cervical ganglion, barium effect 
on ACh release from (cat), 39P 

Supraspinal control, recurrent inhibition 
of extensor motoneurones affected by 
(cat), 317 

Surplus excitation, recurrent inhibition in 
reflex action of motoneurones measure- 
ment of (cat), 288 

Sweat gland failure, body suction and 
forearm enclosed in bag comparison of 
(man), 62P 

Sweating, 
44P 


Synaptic potentials, lateral geniculate 
body showing (cat), 523 


_ Temperature, metabolic rate in young 

affected by (pig), 408 
oxygen consumption of new-born affected 

by (rat), 154 

Thalamus, insulin and glucose effects on 
heat production and blood flow in 
(monkey), 31 

Thunberg’s  micro-respirometer 
barospirator, 2P 

Thyroxine, barbiturate effect on serum 
proteins binding of (man, duck), 
66P 


and 


pituitrin action on (man), 


SUBJECT INDEX 


Thyroxine, cholesterol and fatty acids 
synthesis by cell-free fractions of liver 
affected by (rat), 145 

Tissue-section artifacts, incomplete re- 
moval of embedding media and (T), 
57P 

Trinchinella spiralis, electron microscope 
studies in mouse striated muscle of (TT), 
57P 

Tritium, total body water measurement 
by (mammal), 169 

Tubocurarine, site of action in enhancing 
evoked cortical potentials of (cat), 38 P 


Urine collection, technique for (hen) (T), 
55P 
Uterus, 
417 
metabolism relation to active ion trans- 
port in (rabbit, cat), 445 
sodium secretion and potassium uptake 


byi gments of (rabbit, cat), 421 


histamine content of (man), 


Vagal stimulation, abomasal secretion 
affected by (sheep), 122 

Vaginal cycle, uterine distension effect on 
(guinea-pig), 50 P 

Vasopressin, hyaluronidase and anti- 
diuretic activity in urine following 
(man), 381 

Ventricle, diastolic length—tension relation- 
ship in strips of (rat, frog), 15P 

sodium-potassium hypothesis as basis of 

electrical activity in (frog), 385 

Vertical shaking, machine for tubes (T), 
56P 


_ Visual field, optic lobe single units response 


area of (locust), 482 
Volatile fatty acids, abomasal: secretion 
affected by (sheep), 124 


Water balance, fasting and refeeding effect 
on (rat), 232 
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